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ABSTRACT 


TIROS I photographs taken near the most intense stage of a cut-off cyclone over the eastern Pacific are examined 
] : 


relative to the standard observations and analyses in the area. 


Broad cloud bands seen in the southwestern portions 


of the cyclone have been found to be nearly perpendicular to the wind direction at both the surface and aloft, and to 


consist mainly of cumuliform cloudiness whose tops did not extend more than about 5,000 ft. above the sea surface. 


Examination of the photographs relative to the conventional frontal analysis and to vertical motions computed by a 


numerical prediction model suggests that satellite cloud pictures can lead to improvements in the standard analyses 


of surface and upper-air charts. 


1. INTRODUCTION 


On two successive days early in April 1960 the experi- 
mental meteorological satellite, TIROS I, photographed 
portions of a cut-off evclone in the eastern Pacifie between 
Hawati and California. One of the pictures (fig. 2) taken 
on the first of these days was so striking in its portrayal 
of broad, eyclonically curved, cloud bands, with super- 
unposed smaller-scale cloud patterns, that it has already 
been illustrated several times in the early literature on 
the TIROS I pictures [1, 2, 3]. 
pictur 


In the present paper this 
and several others taken on the same orbital pass 
and on another orbital pass over the storm about 23 hours 
later are examined in some detail. The cloud structure 
portrayed in these pictures is also interpreted in relation 
to the conventional synoptic observations and analyses, 
COMp 


of the 


ied vertical motion fields, and the synoptic history 


torm. 


2. DESCRIPTION OF PICTURES 


hice photographs taken with the wide-angle camera 
on the first of the two days, April 4, 1960, at intervals of 
oe ninute starting at about 2250 Gar, are shown chron- 


——— a 
“-" rch has been supported by the National Aeronautics and Space Adminis- 


ologically in figures 1-3. Each picture was obtained when 


the satellite was above the correspondingly numbered 
point in figure Sd, where isobars and fronts of the sea 
level analysis for 0000 Gur, April 5 by the National 
Weather Analysis Center (NAWAC) are shown. As is 
evident from the arrows in figure Sd between the sub- 
satellite points and the locations of the optical centers 
(principal points) of the pictures, figures 1-3 give views 
of the cloudiness in principally the western and southern 
quadrants of the storm. 

The cloudiness illustrated in figure 2 (as well as in 
figs. 1 and 3) is remarkable for its broad, banded structure 
with narrow, relatively clear bands in between. The 
forward edges of these bands are generally quite sharp, 
Note that the 
cloudiness behind lines AA and BB (figs. 1 and 2) appears 


whereas the rear edges tend to be diffuse. 


to be predominantly of the cumuliform type, much of it 
with very interesting cellular structure (cf. Krueger and 
Fritz [4]). 

A narrow-angle picture (fig. 4), encompassing the ap- 


proximately square area outlined in figure 2, 


and taken 
30 sec. after that picture, reveals very interesting details 
of the cloud structure straddling line BB. Note that the 


portion of line BB visible in figure 4 is quite clear-cut 
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FIGURE | Photograph of cloudiness west and southwest of cut-off evclone in eastern Pacific showing principally cellular cun 


cloudiness with sharp edge along line AA. Picture was taken 
| 


point | in figure 8d. 


although it does not mark the edge of a solid wall of clouds. 
(Of course, this could also be determined to some degree 
from figure 2.) The cumuliform cloud elements which 
cover much of the area to the rear of this line appear to 
have a variety of sizes ranging from approximately 1 to 15 
n.mi.in diameter. (The area visible in figure 4 is approx- 
imately 100 n. mi. on a side.) The cells in the upper right 
of this picture seem to merge together so that it is difficult 
to distinguish individual cells within these brighter cloud 
masses, which have a breadth of 20 n. mi. or more. When 


at about 2251 aur, April 4, 1960 when TIROS I was locat 


the wide-angle view (fig. 2) of this area seen in figt 
studied carefully (at least in a photo-print, if not 
printed reproduction available to the reader), so 
these elements are barely discernible, but for thi 
part the clusters appear to be the basic clovd el 
and one would on the average have to infer that the 
composed of smaller-sized cumuliform cells. The 
immediately ahead of line BB in figure 4 appears 
predominantly clear, but small, faint cumeliforn 
with diameters of about 1 to 2 n. mi. cover much 


form 


ipove 


area 
o be 
cells 

the 






Fa ea 








Lee yes 


— 
i 








1960 





form 


ibove 


4 is 
the 
e of 
imost 
ents 
were 
area 
o be 
cells 
the 





Lepew® 


adr 2am cleleliabanbiacr: a 


1 OSS Set ey Ne wri - 


aes 





8S, 


_ 


MBER—DECEMBER 1960 
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& 2.—Photograph of cloudiness southwest and south of cut-off eyclone in eastern Pacific showing pronounced lines, AA and BB 


forward edges of cumuliform cloud fields. at about 2252 emt, April 4, 1960 when TIROS I was located above 
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Picture was taken 
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232 


nt 2 in figure 8d. The nearly square area outlined on the right side of the picture indicates the region viewed in a narrow-angl 


tograph shown in figure 4 


and lower right portions of the picture. 


This 


ire is beyond recognition in figure 2, where only a 


gray shading is discernible. 


broad band of cloudiness behind lin 


) 


per right of figure 3 appears to have 


e DD toward 
a more strati- 


haracter than the cloudiness behind lines AA and 


Very likely this represents the altostratus or cirro- 


tops of a cloud system rather extensive 


tally and vert ically. 


Toward the lower left 


both 
the 


cioudiness in this band becomes more broken, and farther 
on a broad area of little cloudiness is found ahead of the 
relatively diffuse line designated as CC. The forward 
edge of the clouds along line DD is very sharp except 
where it is almost lost in some electronic “noise’’ toward 
the bottom of the picture. The line seems to have a 
more wavy character than lines AA and BB. This ts 
portrayed in more detail in the narrow-angle picture 
(fig. 5) which gives a view 30 sec. later of the approxi- 
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higure 3.—-Photograph of cloudiness southeast through southwest 
harp forward edge along line DD 
figures | and 2 (AA and BB) and the one along CC 
ubove point 3 in figure 8d. The nearly square area outlined on 
narrow-angle photograph shown in figure 5 


This 


which 


mately square outlined in figure 3. shows 


the 
figure 3, 


area 


not only larger-scale) meanderings can be 


perceived in but also detailed scalloped cloud 
edges which convey the impression of a wall of cumuli- 
form clouds typical of the leading edge of a pronounced 
Individual cellular elements 
are not distinguishable along this cloud line (as they are 
fig. 4) that 
cumulus clouds were present along this line were sur- 


cold front or squall line. 


in which leads one to suspect whatever 


of cut-off evelone in 
Other pronounced lines along forward edges of clouds are 


Picture was taken at about 2253 Gur, April 4, 


the two seen more promin 


; 


the lower right side of the picture indicates the rezion views 


shield 


The other clouds visible in figure 5, 


thick 
to the right 


mounted by a of middle or 
section of line DD just discussed, have outlines wht 
much more amorphous and are therefore suggest 
thick cirrostratus or altostratus cloud sheets. 

Two wide-angle photographs of the storm on the s 
day, April 5, taken one and a half minutes apart « 
The sa 


path, sub-satellite points, principal points of the pir 


at 2200 Gmr, are shown in figures 6 and 7. 


DECEMBER 


eastern Pacifie showing frontal cloudines 
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_— 
hai 


¥ 
} Narrow-angle photograph showing details of cloudiness along a portion of line BB as indicated by t nearly square area 
lined in figure 2. Picture was taken 30 sec. after wide-angle photo in figure 2. Several black dots (surrounded by bright white 
in the middle left and lower right portions of the picture are due to flaws in the vidicon tube of the narrow-angle camet Also, 


NAWAC sea level chart for 0090 Emr, April 6 
strated in figure 8f. The pictures are oriented in 
imately the same direction as before and therefore 
cover the western and southera portions of the 

but there is a better view in figure 7 of the 
part of the storm than on the preceding day 
ad bands of cloudiness and alternating cloudless- 
raling into the cyclone center are especially out- 

and resemble strongly the classical cyclonic 
s observed in the laboratory (ef. [5], [6]) and in 


pictures from this camera have a spurious darker swath running vertically through much of the middle of the p 


tropical storms with radar [7]. Although a fair degree 
of cellular structure is still evident in these two pictures, 
the areas of cellular cloudiness on the west and south 
sides of the evelone center have generally diminished, as 


compared with the preceding day 
SYNOPTIC HISTORY OF THE STORM 


The evolution of this major cyclone is illustrated by 
series of NAWAC sea level analyses at 12-hr. intery ais 
(fig. 8). On April 3 at 1200 er (fig. 8a) a broad evclonic 
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FIGURE 5 
outlined in figure 3. 


narrow-angle camera. 


circulation existed over the eastern Pacific from the Gulf 
of Alaska southward toward about latitudes 30°-35°N. 
The major center of low pressure in this cyclonic complex 
had just moved northeastward to a position near 48°N., 
140°\V. in the previous 24 hours. The system with which 
we are concerned had its orizin in the small perturbation 
located near 39°N., 155°W. In typical fashion this center 
and the cold front extending to its west were moving gen- 
erally southeastward along the periphery of the main 


cyclone center. At 0000 emr, April 4 (fig. 8b) a new cen- 
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Narrow-angle photograph showing details of cloudiness along a portion of line DD as indicated by the nearly square area 


3 Picture was taken 30 sec. after the wide-angle photo in figure 3. 
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(See legend to figure 4 regarding defects In 


ter apparently started forming farther southward along the 


frontal trough at about 34°N., 150°. By 1200 emr, April 
4 (fig. 8c) the system was orzanizing into a closed cyclonic 
circulation with pressures increasing to the north. Also, 
a weaker pressure minimum was located to the east along 


139°W. By 0000 emt, 


the main polar front near 33°N., 


April 5 (fig. 8d), one hour after the pictures in figures 1-° 
were taken, an extensive cyclonic circulation had become 
established owing to both the deepening of the new cyclone 
center and the increases in pressures to the north of the 
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broad, eyclonically curved band west of clear area closer to storm center 


en TIROS I was located above point 6 in figure Sf. 


Low. Note that the NAWAC frontal analysis on this 
map had been simplified in that the secondary cold front 


Was dropped and therefore a front no longer extended into 


the storm center. Twelve hours later at 1200 emt, April 5 
fig. Se) the cyclone reached its lowest central pressure 
about 999 mb.) and had about the strongest isobaric 
sracicnts and hence probably the strongest surface wind 
field viewed on 6-hourly charts). By 0000 eur, April 6 


> | a rs 
- hours after the pictures shown in figs. 6 and 7 were 
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Photograph of cloudiness west and southwest of cut-off cyclone in eastern Pacific on day following views in fizures 1-5, show 


Picture was taken at abo 2159 Gout, April 5, 1960 


taken) the storm had begun to fill and surface winds were 
Thus the two sets of 
TIROS pictures show portions of the storm about 12 hours 


weakening considerably (fig. Sf 


prior to and about 12 hours after its most intense stage 
The history of the storm at upper levels is not especially 
notable except that a closed upper center was a aly zed at 
700 and 500 mb. as the center deepened. However, the 
paucity of radiosonde observations in the region left the 
precise intensity of the upper center somewhat in doubt, 
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FIGURE 7 Photograph of cloudiness around center and southeast through southwest of cut-off eyclone in eastern Pacifie on day fol 
iews in figures 1-5, showing pronounced spiral bands near center and several zones of cumuliform cloudiness well to the south 
centel! Picture was taken at about 2200 Gut, April 5, 1960, one and a half minutes after figure 6, when TIROS I was located 


point 7 in figure Sf 


4. RELATION OF THE CLOUD PICTURES TO The pictures taken at about 2250 em, April 4, 
CONVENTIONAL METEOROLOGICAL INFORMATION have already been presented in figures 1—3. are sho 

Although the TIROS pictures can be compared visually — figures 9-11 with a 2° latitude-longitude grid, s 
with the standard synoptic weather data and charts once — isobars and fronts from the NAWAC analysis, abbre 
the satellite’s location and general orientation are known, surface synoptic reports, and pilot reports of clou 


it is not until complete latitude-longitude grids are super- superimposed. The pictures are shown again In 
imposed on the pictures that detailed and moderately 12-14 with superimposed grid, 700-mb. contours, 


accurate comparisons are feasible. Such gridding has  sonde reports, pilot reports of winds in the mid- 
been achieved for the pictures in this case by methods — sphere, and vertical motion at 600 mb. as comput 


described in [8]. the Joint Numerical Weather Prediction (JNWP 
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Figure 8.—Sequence of NAWAC sea level analyses at 12-hour intervals showing the evolution of cut-off cyclone in eastern Pacific. 
Paths of TIROS I on two days when pictures were taken of this area are shown in d and f. For wide-angle pictures discussed in this 
report, sub-satellite points are indicated by dots, principal points of pictures by circled dots, and horizontal orientation of camera 
by arrows in d and f. Numbers identify locations for pictures shown in figures 1-3, 6, 7. 





All data except the pilot reports are for 0000 Gm, April 5. In the case under discussion here it appears that lines 

The most striking feature of figures 9-14 is that most of _ AA and BB are very likely convergence lines of this type. 
the major bands are nearly perpendicular to the surface Close investigation of the position of line BB as compared 
isobars and 700-mb. contours. Only line DD, which is with the secondary cold front analyzed on preceding 
related to the main cold front, and the northeastern end of _ NAWAC sea level charts (fig. 8) indicates rather strongly 
line BB are closely parallel to the mid-tropospheric flow. that line BB is indeed associated with this very same sur- 
It is well known however that there are frequently con- face front. Its rather close fit with previous 6-hourly 
vergence lines in the westerly and northwesterly flow of — positions of the front as carried on the NAWAC analyses 
cold air to the rear of well-defined cyclones. Such lines _ is illustrated in figure 15. In addition it is interesting that 
appeared frequently in the detailed analyses by members — the surface analysis made by the Weather Bureau Fore- 
of the Bergen school (ef. [9]), some of them actually cast Center at San Francisco (not shown), which was 
iden ified as “bent-back” occlusions or secondary cold consulted after the initial preparation of figure 15, retained 


fronis. In recent years, particularly on maps of a hemi- — the second front and its position coincides closely with that 

sph vie seale, there has been more of a tendency to exclude — shown for line BB in figure 15. 

thes. more minor systems from the analyses. Inspection of the superimposed 600-mb. vertical motion 
/69382—60——2 
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FIGURE ? in figure 1 with superimposed 2° latitude-longitude grid; principal point of picture (circled dot); sea lev 


‘ ] 
Same picture as : 
fronts and isobars at 4-mb. intervals; abbreviated surface reports showing sky cover, cloud types, present weather, and winds; and 


pitot reports (squares), for times indicated, of types, amounts, and heights (in hundreds of ft.) of bases and/or tops of clouds Lime 


of superimposed data, except pilot reports, is OOOO Gar, April 5, 1960. 


It is notable that the area to the rea! of 


field, which consists of initial vertical velocities computed 
from a two-level baroclinic model by the JNWP Unit, 
shows a pattern of large-scale vertical motion which has 
been found to be typical of trough systems as exemplified 
14 (1.e., 
motion to the rear of the trough and upward motion ahead 


by the 700-mb. contours in figures 12 downward 


of the trough). 
line DD (fig. 14), which appears to be a zone of cloudiness 
extending upward into the middle and upper tropospliere, 
is associated with the main polar front (fig. 11) where slight 
upward motion was calculated. However, the southwest- 
northeast orientation of this cloud band, with mostly clear 
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FiGuRE 10.—Same picture as in figure 2 with superimposed grid and other items as in figure 9 


to the east of DD, suggests that the axis of maximum 
ird motion might be elongated southwestward to 


ide more closely with this band 


ost of the remaining areas of the pictures, including 


linn 
lo 
glat 


of 


AA, BB, CC, and the cloud areas behind them, are 
ed where downward motion was computed. At first 
¢ it seems surprising thet such pronounced zones 


sudiness as those occurring along and to the rear of 


lines AA and BB should be found where the large-scal: 
vertical motion was downward. However, this may indeed 
be physically correct since most evidence points to thie 


fact that the cloudiness in these areas was of the cumuli- 


form L\ pe which was ver\ likely confined to approximately 
the lower 5000 ft. Certainly most of the clouds reported 


by ships in these areas were cumulus congestus and strato 


cumulus. <A pilot report at 29.5° N., 145° W., about & 
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Figure 11.—Same picture as in figure 3 with superimposed grid and other items as in figure 9 


hours after the pictures were taken, indicated broken 
stratiform (presumably stratocumulus) clouds with tops 
at 5000 ft. The soundings at 35° N., 150° W. (fig. 16), 
which was well back in the cellular cloudiness to the rear 
of line AA, and the sounding at 30° N., 140° W. (fig. 17), 
which was practically on line BB, both reveal a moist, 
unstable laver of air from the surface to about 850 mb., 


with a laver of stable, dry air extending from above the 


pronounced inversion upward to near 600 mb. T 
soundings certainly suggest that cloudiness in their vir 
ties would have been confined to the instability typ 
the laver below the inversion. If convergence was in 
associated with lines AA and BB, it must therefore ! 
been horizontal convergence and upward motion confi 
to this lower laver. 

In portions of these areas, however, there is some 
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12.—Same picture as in figure 1 with superimposed 2° latitude-longitude grid; principal point of picture (circled dot); 700-mi 
tours at 200-ft. intervals; 700-mb. winds; winds between 8000 and 12,000 ft. from aircraft measurements; and 600-mb. vertical 
on in em. see.~! as computed routinely by the JNWP Unit. Time of superimposed data, except pilot reports, is OOOO Gm 
il 5, 1960 

{ middle cloudiness. Note the ship report of alto- stratus) at an estimated base of 20,000 ft. (fig. 9 This 


near 35° N., 148° W. which is just near the western 
al solid-looking (apparently stratiform) cloud shield 

Also the pilot report at 25° N., 150° W., approxi- 
t hours after the picture was taken, shows an over- 
a stratiform type (presumably altostratus or cirro- 


report is also in a region where the cloudiness has a strat 
form appearance. As the complete pilot report suggests 
this upper cloud deck at this point overlay the lower, more 
extensive cumuliform cloudiness characteristic of the area 
behind line BB. The presence of middle cloudiness in 








30S 


FIGURE 13. 


these areas suggests the likelihood of some large-scale 


upward motion in mid-troposphere. 

Cridded pictures taken near 2200 Gut, April 5 (pre- 
viousiy illustrated in figs. 6 and 7), are shown in figures 
18-21 with superimposed NAWAC surface and 700-mb. 
analyses, abbreviated synoptic surface reports, and 600- 
nib. vertical motion, all of which are for 0000 Gor, April 6. 
It is notable that the broad banded cloud structure to the 
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Same picture as in figure 2 with superimposed grid and other items as in figure 12 
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is closely oriented | the 
how 


west of the cyclone (fig. 18 
direction of the surface isobars. ‘The ship reports 
stratocumulus, cumulus congestus, and low clouds 0: bad 
weather in the area under this broad, bright band; there 
are also a few reports of an altostratus-altocumulus layer 


ddle 


. . . . . _-— hoa 
cloudiness in this band, it is somewhat surprising that th 


above the lower clouds. In view of the presence of ! 


700-mb. contours are so different in orientation froin the 
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FiGuRE 14.—Same picture as in figure 3 with superimposed grid and other items as in figure 12 


el isobars and the cloud band (e.g., the band and 
itours are nearly perpendicular to each other near 

142° W. in fig. 20). The question thus arises as 
ether the anticyclonic curvature in the 700-mb. 
rs is consistent with the pronounced cyclonic 
ire of the sea level isobars. Twelve hours earlier 
0 analyses showed a close correspondence in flow 


patterns at the two levels (both strongly cyclonic) 
Although some height rises undoubtedly occ irred li) this 
12-hour period, it does appear that this 700-mb. analysis 
eliminated the cyclonic curvature in the region of this 
cloud band too rapidly. It is likely that the 700-mb 
contours actually did have an orientation more nearly 
parallel to the cloud band and to tiie surface isobars. In 
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Figure 15.—Continuity of secondary cold front on April 4, 1960. 


Labeled positions for 0000, 0600, 1200, and 1800 Gaur are from 
NAWAC sea level analyses. The position of line BB at 2300 
GMT Was derived from the gridded photograph in figure 10. 
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Fiaure 16.—Sounding at ship NHXN (34.9° N.,, 
GMT, April 5, 1960. 


dashed line, dew point distribution. 


150.4° W.), 0000 
Solid line shows temperature distribution; 
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Solid line shows temperature distribution: 


Figure 17.—Sounding at ship 4YN (30.0° N., 
GMT, April 5, 1960. 
dashed line, dew point distribution. 


fact it can be demonstrated readily that the contours can 
be reanalyzed in this fashion without violating any data. 

The bands spiraling into the center of the storm as 
shown in figure 19 appear to line up with the surface flow 
north and just east of the center of the Low, although 
there is some uncertainty of this in view of the center’s 
location toward the edge of the picture, where the ac- 
curacy The 
bands to the south of the cyclone center form a moderate 


of locating picture elements diminishes. 


angle of about 30°-45° with the surface isobars near 30 
N., 134° W. and this increases to about 90° farther south- 
138° W. 


forward edge of the spiral band which emanates from the 


westward near 28° N., It is probable that the 
center and runs approximately through 36° N., 134° W., 
southeastward to 32° N., 131° W., and thence southwest- 
N., 134° W. is the remnant of line BB 


in the pictures for the previous day (e.g., 


ward through 28° 
see fig. 10). 
This is supported by some rough trajectory calculations, 
based on the previous day’s position of line BB, which 
show that this continuity from 24 hours earlier is within 
reason. The primary cold front appears to be mainly 
off the edge of the picture, but the cloud band near the 
northeastern and southeastern edges of the picture is \ ery 
likely part of this frontal system and the suggestio’ 1s 
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lhe vertical motion fields shown in figures 20 and 21 


agai fit in with the general broad-scale distribution ex- 
pe | around the mid-tropospheric trough associated 


with the evelone. However, the solid-looking spiral bands 


and vlternating clear areas near the cyclone center suggest 
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Figure 18 

that the cloudiness and perhaps the front itself have 
spiraled into the region just north of the surface low 
ar 
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Same picture as in figure 6 with superimposed grid and other items (except pilot reports) as in figure 9, except that time of 
superimposed data is 0000 Gav, April 6, 1960 


that there may have been a similar spiraling of the vertical 
motion pattern in both the lower and middle troposphere. 
The JNWP vertical motion field is perforce constrained 
to a simpler pattern because of the general smoothing 
applied in the numerical calculations and because of the 
paucity of upper-air observations over this ocean area. 
It would be interesting to learn whether knowledge of 


such a spiral arrangement of vertical motion could sub 
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FiGURE 19 


superimposed data is OOOO Gur 


stantially improve predictions of the further evolution of 


the cyclone 


5. SUMMARY 


The TIROS cloud pictures portray the details of the 
cloud structure around portions of this cut-off cyclone in 


the eastern Pacific in strikingly clear fashion. It has 


been shown that some of the major cloud bands in the 
southwestern portion of this cyclone were nearly per- 


pendicular to the wind direction at both the surface and 
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ik 

as in figure 9, except that 1 of 
April 6, 1960 


aloft. Also one of the most pronounced of these bands 
was identified as a secondary cold front along which the 


The 


viewed by TIROS suggest possible modifications in the 


cyclonic development took place. cloud patterns 
patterns of computed large-scale vertical motion in the 
middle troposphere. Regular views of entire storm areas, 
even at intervals of a day, would enhance our under- 
standing of the life cycle and structure of systems =11¢h 


as the cut-off cevclone studied in this report. 
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TIROS I PHOTOGRAPHS OF THE MIDWEST STORM OF APRIL 1, 1960* 
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ABSTRACT 


The midwest cyclone of April 1, 1960 is described from the standpoint of a series of TIROS cioud photographs. 


Cloud features having different appearances are related to the air masses and mechanisms involved. 


The cloud 


pictures are also used in outlining a possible application for objective weather map analysis in sparse data regions. 


1. INTRODUCTION 


TIROS I, the first photographic meteorological satellite, 
was launched on April 1, 1960. More than 20,000 photo- 
graphs of the earth’s cloud cover were received during its 
useful life span of 76 days. The satellite was equipped 
with both wide- and narrow-angle television cameras. <A 
more detailed description of the engineering aspects of 
TIROS I may be found elsewhere [1]. 

One of the first storms photographed by TIROS I as it 
circled the earth was the Midwest storm of April 1, 1960 
(fig. 1). Among the most striking cloud patterns photo- 
graphed by TIROS I are large-scale vorticies, such as can 
be seen in frames B and C of figure 2. Frame B has been 
used as an example previously [2] owing to its classical 
structure of cyclonic center and frontal position. In this 
report it will be studied in greater detail as an integral 
part of the storm situation. 

The Midwest storm developed as a lee disturbance to 
the east of the Rockies in conjunction with an intrusion 
of polar maritime air from the west. Individual TIROS 
cloud photographs presented in figures 2, 3, and 4 indicate 
the details of the cloud structure in various portions of 
The letter label attached to each photo ap- 
pears on the map in figure 1—capitalized to indicate the 
satellite’s position and in small type to locate the optical 
center of the picture. Photos A, B, and C in figure 2 
were taken near 2028 emt, April 1 looking back along the 
orbit as the satellite moved southeastward off the Louisi- 
The remaining photos, D, E, F, G, and H in 
figures 3 and 4 were taken near 1843 GMr on the preceding 
orbital pass looking northwestward over the upper Plains 
and Great Lakes region. The areas viewed in narrow- 
ang! photos G and H are indicated on the wide-angle 
Photos D and F. The wide-angle photos were fitted with 


the storm. 


ana coast. 


search has been supported by the National Aeronautics and Space Administra- 


computer-produced perspective geographic grids. Sample 
grids are presented for frames B (fig. 2) and E (fig. 3). 
Precision of the gridding procedure requires knowledge of 
the satellite spin axis with respect to some frame of refer- 
ence when the picture was taken. This involves knowing 
the spatial location of the optical axis of the camera 
systems and an accurate estimate of the time when the 
picture was taken. A more complete discussion of the 
gridding process may be found elsewhere [3]. 

One hundred photographs were taken by the TIROS 
wide- and narrow-angle cameras during the two passes of 
interest here. Fortunately, some of these pictures pre- 
vide an excellent After 
careful examination of the photographs, two composite 
sketches were created from eight gridded photos to provide 


view of the entire storm area. 


a schematic representation of cloud brightness and cover- 
age. Although individual cellular patterns and filament 
structures are indicated, there has been 


cell-for-cell The 


standard map base is broken into two segments because 


no attempt to 


obtain accuracy. mosaic sketch on a 
of the mis-match arising from movement of cloud features 
during the 100 minutes between pictures which overlap 
geographically from one pass to the next. Figure 5 
presents the mosaic of the southern portion of the storm 
and figure 6 indicates the northern portion. The entire 
cloud pattern in outline form is also indicated with light 
stippling in figure 1. The mosaic sketches of figures 5 
and 6 have been divided into Roman-numbered regions to 
facilitate the discussion. It will be convenient to indicate 
the sub-regions of the sketches by number and also refer 
to the individual photos by letter without regard to 
Since the 


paper largely involves the description of pictorial details, 


figure number in order to reduce wordage. 


the reader is cautioned to relate the discussion continu- 


ously to the corresponding pictures in order to maintain 
meaningful continuity. 

The discussion in this paper represents an attempt to 
relate some of the outstanding features of the cloud 
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2. —TIROS wide-angle cloud photographs taken over points A, B, and C of figure 1, and a grid overlay for frame B. The dotted 


circle gives the optical center of the picture 


os to other meteorological observations and analyses. 


rticular, comparisons are made between the cloud 
pattern and objective weather analyses pointing up 
tential usefulness of the cloud information for im- 
ment of such analyses in sparse data regions. 


2. CLOUD PHOTOS 


e following comments concerning the individual 
s are designed to point out the main features in each 


picture and to relate them to the composites in figures 
5 and 6. Also, somewhat in the manner of a cloud atlas, 
an effort is made to identify the types of clouds being 
viewed, but without discussing the weather situation in 
its entirety. This identification is however dependent 
upon corroborating evidence obtained from the standard 
meteorological observations of clouds and weather, both 
from the ground and from airplane reports. Relationships 
of the cloud pictures to circulation patierns and other 











FRAME F 
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OVERLAY FOR FRAME E 


Picture 3.--TIROS wide-angle cloud photographs taken over points D, E, and F of figure 1, and a grid overlay for frame IE. (The d d 


circle gives the optical center of the picture.) 


meteorological mechanisms will be treated in the ensuing 
section of the paper. 

In the right foreground of frame A (See also fig. 5) is a 
predominantly clear region extending from eastern Texas 
into Missouri The textured edge of a dense overcast 


region is visible at the top of the frame over Kansas 
The cloud mass to the left has a marked cellular structure 
throughout, with a suggestion of thin upper clouds. e 
leading clump of cells is near Lubbock, Tex. The main 


portion of this cloud mass extends over most of 4 
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F.GURE 4. 


Mexico and northwestward. A filmy veil of clouds ap- 
pears to emanate from the upper left of the photo (near 
Denver) and terminates in a brighter streak near the 
center (intersecting the southern Oklahoma border). 

Frame B was taken one minute after frame A. The 
Texas-New Mexico cloud now appears much foreshortened 
near the top of the picture. More of the solid overcast 
region is now visible in the upper right. The overcast 
extends over anuch of Nebraska as indicated by the ac- 
companyving gedgraphic overlay. 

\ wealth of new detail appears in the foreground. 
Faint patches of stratocumulus are lined up horizontally 
across the photograph along the lower boundary of the 
clear area. These wisps continue to the right into a 


brighter wedge of cloud containing cumulonimbus and 


upper cloud at its junction with the overcast region in 
the upper right portion of the photo. The features 
described above are located in the mosaics of figure 5 
along a line through central Arkansas and northward into 
lo Much brighter clouds of great variety extend 
acl the photo in a broad belt immediately below and 
parcileling the features just described. Widespread 
SI activity with cumulus and cumulonimbus clusters, 
log: ther with middle and high clouds, occupies the band 
iro the upper right down to the bright “finger” in the 
low.» central foreground of the picture. A cloud system, 
Wil! parts almost as bright, extends on to the left. The 


vb9S82—60 4 
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FRAME H 


TIROS narrow-angle cloud photographs taken over areas G and H shown in frames D and F of figure 3 


brighter portion of this left branch near the center of the 
photo, is a region of cold frontal shower activity. ‘Two 
sizable clear patches appear as black spots farther to the 
shower 


left in a waning 


activity. 


post-cold-frontal region of 
The larger, relatively clear, horizontal areas 
below this cloud region are located over the Gulf of 
Mexico near the northern portion of the ‘Texas coast 
Frame C was taken 30 seconds later and largely over- 
laps frame B. The important extension of the viewed 
area is in the foreground. The bright region at the lower 
edge of frame B is now located near the center of the 
picture with a broad, very bright band extending to the 
lower right. This band, extending from New Orleans 
eastward along the Gulf coast consists of an almost 
cumulonimbus activity with extensive 


The gray 


solid mass of 


middle and upper cirriform overcast area to 
the lower left extending off the Louisiana coast contains 
patchy lower clouds with little or no upper cloud cover. 
The darker region in the lower right, covering parts of 
central and northern Mississippi and Alabama represents 
mostly high, broken cloudiness with a few patches of 
lower, cumulus shower activity. 

Frame D of figure 3 is predominantly a view of the 
extension of the dense overcast area over Kansas and 
Nebraska as seen in frames A, B, and C. Most of the 
part shown here, covering the Dakotas, appears equally 
precpita- 


dens e and uniform. These are multi-layered, 
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Mosaic representation of TIROS wide-angle cloud photographs taken near 2628 Gar, April 1, 


The possibility of an effect of snow 
* 


tion-bearing clouds 
cover ts discussed later. viewing 
the center of the lower half of this frame gives only a faint 


Frame G of figure 4 


A narrow-angle picture, 


suggestion of a cellular pattern. 


*Unfortunately, strong electronic interference contaminated this photo making the 


printing reproduction marginal in quality, 
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- 
a 


1960. 


presents a detailed narrow-angle camera view of the west 
flank of this large overcast in the area marked on frame D. 
The bright cloud in the lower left evidently contains rows 
of cumuliform clouds. There also appear to be streaks of 
thin clouds parallel to the edge of the large overcast. 1 ne 
cloud pattern to the left in frame D is located over W 
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ming with the streaks oriented roughly north-south. Some 
thin cirrus clouds exist here but the brighter portions are 
rows of towering cumulus clouds in a relatively dry en- 
vironment. The hook-shaped cloud near the horizon (top, 
center) extends into Canada beyond Edmonton, Alberta. 
The clouds near the western edge are cirrus with small 
cumulus At the southern edge of the hook- 
shaped cloud and to the right of the dark spot, low stratus 
and stratocumulus and drizzle prevail, perhaps with some 
Farther to the right, cirrus and alto- 
cumulus clouds are thinner and there are no low clouds. 


beneath. 


upper cloud cover. 


The somewhat square, bright patch farther to the right is 
apparently a view of the northern portion of Lake Winni- 
peg with a covering of snow and ice, since only broken 
upper clouds are reported in that area. 

Frame E, minute after frame 
much detail to the east and northeast of the large overcast 
The slightly brighter parallel cloud bands which 
appear as ares to the upper right of the picture center 


taken one D, reveals 


region. 


(indicated by thin arrows) are of particular interest. In 
this area over northern Minnesota, radar echoes (fig. 1) 
form a remarkably similar pattern of concentric ares. (An 
independent diagnosis of this banded structure from the 
photos alone would likely be rather difficult because of the 
The bright cloud mass to 
This is the 


lack of contrast in the images.) 
the lower left extends over eastern Iowa. 
northern port ion of the thundershower structure discussed 
under frame B. The partly cloudy darker region from the 
lower left corner of the frame is the extension of the cloud- 
less wedge also shown in that frame. Here, however, 
much greater detail is available in what appeared in 
frame B to be a single cloud band pointing southward into 
the clear area. One hundred minutes later, in frame E, 
at least two streets of bright shower cloud masses are 
apparent in this region, along with other isolated groups 
of cells. 

Frame F, taken one minute after frame E, 
gray region to the left of center which is also visible slightly 
to the right of the center of frame E. Frame H presents 
a narrow-angle camera view of a portion of the region 


contains a 


indicated on frame F and located near La Crosse, Wis. In 
this narrow-angle photo a few large cumulus clouds appear 
in the upper left, with multi-layer frontal precipitation 
cloudiness commencing in the lower left. Stratocumulus 
in various banded arrays appears toward the top and right 
of the central partly cloudy area. Frame F also presents 
a clear area in the lower right corner which is located 
along the Ohio Valley. The bright band extending to the 
right is a mass of low stratus extending eastward along 
the lower Great A cirrus veil covers the stratus 
and extends northward. No middle cloud exists in this 
area as indicated by the radiosonde reports. 


Lakes. 


3. CLOUD FEATURES AND THE SYNOPTIC 
WEATHER SITUATION 


The above discussion permits one to locate geographical- 
The two 


ly the various cloud features seen in the photos. 
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Isentropic chart for 300° IX.; pressure in solid lines and 
1960. 


FIGURE 7. 
condensation pressure in dashed lines, 0000 Gor, April 2, 
Shading indicates approximate area of saturation. 


composite cloud representations in figures 5 and 6 will 
next be related to the storm structure. Reference will 


be made to the 2100 Gmr sea level chart in figure 1 as well 
as to the isentropic chart in figure 7 and the north-south 
and east-west cross sections in figures 8 and 9, all based 
upon information at 0000 emr, April 2. 

Region I of figure 5 is the post-cold-frontal section of 
the storm. Considering the fact that the pictures were 
taken near mid-afternoon local time, it may 
markable that this region is so free of even convective-type 
clouds. The air was extremely dry, however, as indicated 
by surface reports such as that for Fort Worth which had 
a temperature of 72° F. and dew point of 28° F. Immedi- 
ately to the rear of the front along the Texas coast there 
which appears brightest to the 


seen) re- 


is a broad band of clouds, 
northeast and also has some small, distinct clear spots 
embedded in it. Reports from stations along the ‘Texas 
coast show that this post-frontal cloud band consisted of 
towering cumulus and stratocumulus types. Reports of 
any major shower activity in this area, either from surface 
reports, radar, or sferics, were lacking, however. ‘These 
clouds were very likely entirely within the warm air above 
the cold front. Figures 8 and 9 show that the cold air 
was rather shallow for some distance behind the front so 
that warm-air cloudiness could have had bases as low as 
about 5,000 ft. The deeper cold, dry air was not reached 
until farther west of the front. The faint patches of 
stratocumulus in frame B may mark the leading «dge 


of the deep cold air. 
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North-south vertical cross-section (isotachs in 10-knot 
intervals) 0000 Gm, April 2, 1960. 


FIGURE 8. 


Region II is very moist as indicated by the high con- 
densation pressures on the isentropic surface displayed in 
figure 7. Clusters of radar echoes shown in figure 1 
marked the frontal thunderstorms from Lake Charles, La. 
northward toward Little Rock, Ark. Heavy clusters of 
radar echoes and sferics reports blanketed another large 
New Orleans 
eastward in the warm-frontal zone along the Gulf coast. 


thunderstorm area which extended from 


Upper-level charts indicated a branch of the jet stream 
extending from near the Mississippi Delta toward central 
thus speculate that the marked 


Florida. One might 


contrast in cloudiness and precipitation, indicated in 
frame C by the bright coastal cloud band and the reduced 
activity offshore (see also bottom and lower left in frame 
B), may reflect differences in the large-scale vertical 
Aircraft 
reports indicated a cirrus overcast between 300 and 400 


motion pattern on either side of the jet axis. 


mb. which extended over the thundershower area, but 
also ended at the Gulf coast. 

Region ILL includes the warm tongue shower activity 
Which extended in a band northward along the Mississippi 
River to southeastern Iowa. Although surface reports 
did not generally indicate high humidity in this band, 
there was evidence of a well developed moist tongue on 


the isentropic chart (fig. 7). A line of sferies fixes ex- 
tended through this band from Jackson, Miss. to St. 
Louis. Mo. Clusters of radar echoes marked the bright 
“finger” of cloud in frame B near the southern end of this 
band and similar echoes marked the equally bright cloud 
clusters in frames E and F to the north. 

Re-ion LV is an extension of the post-frontal and frontal 
regi Close inspection of frame B suggests a veil of 


thin ipper clouds covering the easternmost dark wedge. 
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Ficure 9.—East-west vertical cross-section (isotachs in 10-knot 
intervals) 0000 amt, April 2, 1960. 


Radar and surface reports located thundershowers in the 
northern portion of the brighter central cloud area and 
southwesterly upper winds could have carried convectively 
produced upper clouds into the dark wedge. Surface 
reports required that the occluded front be placed near 
Des Moines, lowa at 2100 Gur in the central cloud area. 
Thus the eastern dark wedge of reduced cloudiness is in 
the warmer air to the east of the cold front. This is in 
agreement with reports from stations such as St. Louis 
which reported partly cloudy skies in the southerly warm 
flow. If we may digress slightly into region IX (fig. 6), 
we see similar indications of the frontal position there. 
Surface data at 1800 Gmr suggest that the left-most bright 
appendage in the dark area in the lower left of frame E is 
associated with the cold front over southwestern Lowa. 
Stations with partly cloudy skies were located well to the 
east of the front, but west of the bright shower band in 
the moist tongue. 

Region V is the southern portion of the area of upslope 
precipitation. The pattern of ascending, saturated air is 
indicated on the isentropic surface (fig. 7) by the south- 
westward curving branch of the moist tongue. Rain and 
snow had ended in the southeastern portion of this cloud 
mass and pressures were rising. However, by the time 
of these photos, new snowfall from the storm had enlarged 
the area of snow cover to include northeastern Nebraska 
and the eastern Dakotas. The apparent brightness and 
lack of texture may thus result, in part, from the presence 
of the snow field. The question of image contamination 
by snow fields does not arise insofar as the southern and 
western cloud boundary is concerned, since snow cover 
limits are well within the cloudy area. The rather well 
defined edge of these clouds suggests the desiccating power 
of the descending motion pattern around its perimeter. 

The thin cloud veil in region VI appears to have been 
generated by shower activity farther to the northwest. 
The sounding at Lander, Wyo. indicated extremely un- 
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stable showery air up to approximately 16,000 ft. The 
northwesterly flow at such heights was apparently propa- 
gating high clouds from this showery source region south- 
eastward Oklahoma. Denver and Dodge City 
soundings indicated a cloud base near 620 mb. The 
thin texture of this cloud veil, as contrasted with the 
brighter streaks of cloud over Wyoming as seen in frame 
D, suggests that these clouds may be poor indicators of 
upward vertical motion. They appear to be barely tol- 
erated by the broad-scale vertical motion pattern. The 
north-south cross section in figure 8 suggests an explana- 
tion for the abrupt cloud streak which appears to ter- 
(The cross section, fig. 8, is 


across 


minate the thin cloud veil. 
essentially normal to the mid-tropospheric flow as seen 
on the 500-mb. chart, fig. 11.) Kuettner [4] has discussed 
observations of similar cloud streaks or bands in associa- 
tion with jet streams. Although the jet stream in this 
case was far removed from the cloud streak, there is evi- 
dence of considerable variation in horizontal wind shear 
oriented in the same direction as the cloud streak. Close 
examination of frame B on the original film strip reveals 
not only the bright cloud line but a faint resumption of 
cloud farther to the southeast. There is thus an im- 
pression that vertical motions in response to the streaks 
in the horizontal shear created an undular pattern in the 
cirrus veil—-augmenting the cloud in regions of ascending 
motion and subduing it where sinking motion occurred. 
The bright streak is located about midway between Okla- 
homa City and Fort Worth, near the zone of maximum 
cyclonic shear on the cross section. 

In region VII the isentropic chart (fig. 7) suggests that 
a broad-scale ascending motion area existed in the middle 
troposphere with air being lifted along the flank of the 
cold dome. In figure 9 Albuquerque and 
Amarillo, air with slightly higher moisture content is 
Soundings in this sector had extreme in- 
stability in the lower layers. Dry adiabatic lapse rates 
extended upward beyond 700 mb. at Albuquerque, 
N. Mex., and Amarillo and Midland, Tex. The unstable 
air terminated at the tropopause near 400 mb. The 
cellular structure in frame A thus appears to be made up 
of a cirrus veil above large cumulus groups. 

Region VIII contains a variety of cloud types. Un- 
fortunately, the foreshortened view precludes any serious 
attempt to distinguish one type from another. The 
“hook-shaped”’ western boundary of the cloud is located 
in an air mass of Pacific origin where the previously 
mentioned cirrus and small cumulus clouds were reported. 
The sharpness of this western edge may reflect an oro- 
graphic downslope motion to the east of the Canadian 
Rockies since westerly winds aloft were reported in the 
‘arther east the quasi-station- 


between 


noticeable. 


Edmonton-Calgary area. 
ary front shown in figure 1 bounded a colder and much 


drier polar continental air mass. The stratiform clouds 


along the west limb of the front were probably covered 
by middle and upper clouds which extended eastward 
into the partly cloudy area over the colder air mass. No 
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low clouds were reported in the dry polar air—the dull 
gray patches being thinner areas of middle and high 
clouds. 

Region IX has been discussed in connection with the 
overlapping regions to the south. The central portion of 
the widespread continuous rain and snow area is located 
in eastern South Dakota. The cloud and radar echo 
areas, mentioned in connection with frame E, appear to 
be near the perimeter of the frontal upslope activity in 
the isentropic pattern of figure 7, and on the very fringe 
of the region of frontal precipitation as indicated by 
surface reports. In this area and to the north, cloud 
brightness in the photos may be affected partly by an 
older snow cover extending into north central North 
Dakota and across northern Minnesota and 
northern Wisconsin. Another isolated line of 
echoes is indicated in figure 1 near Rapid City, S. Dak. 

In contrast to the northern Minnesota cloud ares which 
existed in a region having a marked frontal inversion, the 
Rapid City sounding revealed extreme instability in the 
lower layers. The north-south alignment of the echoes 
with the flow at lower levels over the western Dakotas 


eastward 
radar 


suggests a band of convective activity induced from the 
ground rather than from frontal lifting. It is quite 
remarkable that all cloud activity ceases rather abruptly 
at the western edge of the large frontal cloud mass. A 
combination of factors seems to be involved since the edge 
Reversal of the 

ascending to 


appears to coincide at all cloud levels. 
mid-tropospheric vertical motion from 
descending at the cloud edge may have been the pre- 
dominant factor. The filmy appearance of the edges of 
cloud bands in frame G, coupled with the suggestion of 
downslope motion over the Canadian and Montana 
Rockies, suggests that lateral mixing of dry air may also 
have assisted the process of middle and upper cloud decay 
along this western edge. At lower levels, moist north- 
easterly trajectories within the upslope cloud mass, in 
contrast with drier northwesterly trajectories farther west, 
may have favored such an abrupt edge within the convec- 
tive layers. 

Region X presents the situation in the eastern portion 
The isentropic chart in figure 7 
with a 


of the storm’s perimeter. 
indicates an eastward-branching moist 
lateral admixture of drier air from Kentucky and Ten- 


tongue 
nessee. No middle clouds were indicated by the sound- 
ings, nor by the isentropic chart which intersected above & 
strong low-level inversion in this area. Presumably a 
pattern of overrunning motion farther aloft produced 
clouds, since aircraft reported cirrus in conformity with 
the filmy white clouds seen throughout the central and 
eastern Lakes region in frame F. Soundings at Dayton, 
Ohio, Flint, Mich., and Pittsburgh, Pa. 
strong temperature inversion and moisture lapse at 3\(00- 
5000 ft. Reports of fog accompanying the low clouds in 
this strong inversion area suggest a rather solid layer of 


indicated a 


fog, stratus, and stratocumulus from the ground up. 
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Such density of low cloud may help to explain the very 
bright, solid appearance of the band as seen from above. 

The foregoing discussion suggests several problems 
which will arise in using cloud photos as an analytic tool. 
For example, the bright cloud band in frame F might be 
considered to be a cloud system similar to that in the 
lower right portion of frame C. Careful photographic 
work and interspersed narrow-angle shots to indicate 
detail would probably suffice to isolate the cellular showery 
cloud system from the stratiform system. Certainly, 
brightness alone does not appear to be a dependable 
indicator of cloud type. 

Thin cirrus cloud veils may also present some uncer- 
tainties since slight ascending motion in the broad-scale 
sense might allow clouds such as those in frame A to be 
transported far from their source region which contains 
the marked ascending motion which one may wish to 
identify. 

Although foreshortened views are desirable in expressing 
a broad cloud pattern, aspect presents a problem. Look- 
ing again at frame B as an example of the cloud structure 
of a cyclone, it should be pointed out that foreshortened 
positions even with cellular texture tend to assume a 
solid stratiform appearance and caution must be used in 
these areas. Sun glint and land-water undersurface con- 
trasts are other factors which tend to confuse relative 
brightness of clouds. 

Despite such problems the preceding discussion has 
indicated the correspondence between distinctive features 
of the cloud photos and a synoptic weather situation 
analyzed with standard observational material. 


4. CLOUD PHOTOS AND OBJECTIVE MAP 
ANALYSIS 


One of the main points in support of cloud observations 
from meteorological satellites has been their potential use 
in providing observations over sparse data regions of the 
earth, especially in oceanic areas. Apart from direct 
operational application as a warning of the existence of 
such data 
ability to 
generally. 


various severe large-scale weather phenomena, 
would also be expected to contribute to our 
predict the motion and evolution of storms 
This contribution might best be included in an objective 
fashion in the process of numerical weather prediction. 
Since modern numerical weather prediction is basically an 
initial value problem, such added forecast skill could be 
considered to be a reflection of the degree to which the 
new information from meteorological satellites can be 
used to delineate better the three-dimensional state of the 
atmosphere at a particular time selected as the starting 
point for a numerical prediction. 

The brief discussion which follows is without results 
but is presented to indicate current efforts in this direction. 

(! one now admits cloud photographs such as those 
Obisined from TIROS as the new information in sparse 
da!. regions, a new question arises: how does one correct 
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Fiaure 10.—600-mb. vertical motion chart (arbitrary units with 


ylus areas indicating ascending motion), 0000 Gmr, April 2, 1960. 
- | 

















500-mb. contours (solid lines) with vorticity advection 


Ficure 11. 
0000 Got, April 2, 1960 


(dashed lines, and in arbitrary units), 








or refine first estimates of the wind field and the field of 
the 
common input information for numerical weather predic- 


geopotential obtained from wind and pressure data 
tion—through the addition of cloud photo observations? 
The suggestion involves using the cloud photos as indica- 
Figure 10 
is an expression of the broad-scale vertical motion at 600 
mb. over the Midwest about 5 hours after TIROS cloud 
and 4. (The units are arbitrary 
with plus areas signifying ascending motion.) In general 
the motion 
the principal region of 


tions of broad-scale vertical motion patterns. 


photos of figures 2, 3, 


there is good agreement between vertical 
chart and the cloud analysis 
ascending motion corresponding to the frontal activity 
and moist tongue, with a secondary maximum of ascending 
The vertical motion 


patterns in turn are, of course, related to the horizontal 


motion near the Louisiana coast. 
fields of wind and geopotential through the divergence 
patterns specified by these fields. From a simple atmos- 
pheric model the divergence at 500 mb. may be approxi- 
mated by the advection of vorticity at that level. Figure 
11 presents the 500-mb. chart with vorticity advection. 
With change of sign this pattern strongly resembles the 
vertical motion chart in figure 10. 
involves the adjustment of a preliminary analysis of the 


The suggestion thus 


height of a mid-tropospheric pressure surface in regions of 
sparse data so that the pattern of vorticity advection is 
compatible with the mid-tropospheric broad-seale cloud 
Despite the 
empiricism involved in deriving divergence from cloud pat- 


pattern as revealed by satellite cloud photos. 


terns, preliminary comparisons of original 500-mb. analyses 
over regions of good data with degraded 500-mb. analyses, 
together with corresponding cloud patterns, are encourag- 
ing. Following the work of Cressman [5] and Sasaki [6], 
efforts toward production of such a corrective analysis 
procedure by high speed computers are now under way. 


5. CONCLUSION 


In the present descriptive study, standard meteoro- 
logical measurements over a dense data network have been 
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compared to TIROS cloud photographs for a particular 
synoptic situation. The utility of such a wealth of photo 
information over a broad land expanse has been suggested 
It appears likely that a series of 
such studies can generate semi-empirical relationships 
which would be of great assistance in making adjustments 
and corrections to the analysis of upper-air charts over 
In a more quantitative vein, a method 
has been suggested whereby such cloud data could be 
utilized in a computer-produced, objective map analysis. 


by these comparisons. 


sparse data areas. 
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IMPROVED TERRAIN EFFECTS IN BAROTROPIC FORECASTS 


GEORGE P. CRESSMAN 


oint Numerical Weather Prediction Unit, U.S. Weather Bureau, Suitland, Md. 
{Manuscript received September 7, 1960; revised Oct 4, 198€ 
ABSTRACT 


The persistent occurrence of systematic errors of barotropic forecasts over mountainous areas is strongly sug- 


gestive of significant effects of mountains and friction which have not been included in the previously used forecast 


models. 
mountain effect and a surface friction effect. 


This study reports on experiments with a new barotropic forecast model which contains an improved 
For computation of the surface stress depending on the wind and 


on the terrain, a hemispheric map of the drag coefficient is obtained. 
The results of tests of the forecast model on an initially zonal flow, and on ten observed meteorological situa- 
tions, indicate that the effects of terrain on the evolution of atmospheric flow patterns can be of large magnitude, 


and can account for significant errors in numerical prediction. 


Some success at accounting for these effects is at- 


tained with the barotropic representation of the atmosphere. 


1. INTRODUCTION 


In considering the errors of daily barotropic forecasts, 
one is impressed with the high frequency of occurrence 
of certain characteristic errors. Some of the most pro- 
nounced of these appear with regularity 
One well-known type is 


on monthly 
means of the barotropic errors. 
cvclogenesis along the east 


with frequent 


cousts of Asia and North America, and appears as a 


associated 


positive mean algebraic error over these areas during the 
winter season. Efforts are under way in many research 
centers to improve our ability to forecast cyclogenesis. 

Another frequently observed error is found over western 
North America, and consists of a tendency to forecast 
too strong winds in the jet stream as well as a tendency 
to forecast too low heights of the pressure surfaces. 
Although it is not clear a priori that these errors are 
directly topographically induced, since a mountain effect 
is included in the barotropic forecasts (Cressman [4]), 
the high dependability of these errors has led us to a re- 
examination of the orographic influences in the framework 
of the barotropic forecasts. 

Figure 1 is a characteristic monthly error chart showing 
The negative error appearing over north- 
Western Canada and southeastern Alaska appears on 


these errors. 


practically every monthly error chart, its strength ap- 
parently depending on the speed of the westerlies. 


2. RISING AND SINKING OF AIR OVER 
THE MOUNTAINS 


The customary method of including mountain effects 
in imerical prediction consists of imagining that the 
atmosphere extends everywhere to 1000 mb., but that a 
ver! al motion is induced at the lower boundary accord- 


5H95S2— 60 5 


ing to the flow of the fictitious 1000-mb. wind up or down 
the slope of the actual terrain, i.e. 


wy = Vo. Vp, (I 


where wy is dp/dt at the lower boundary, V, is the 1000-mb. 
wind, and p, is the standard pressure at the surface of 
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FriGguRE 1.— Mean 500-mb. chart (solid) and algebraic mean error of 
{8-hr. 500-mb. forecasts (dashed) for December 1959. 
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the ground. The version of this mountain effect used 
at the Joint Numerical Weather (INWP) 
Unit further supposes that the vertical velocity imposed 
by this effect falls off from wy at po (1000 mb.) to zero at 


Prediction 


the pressure p=0, giving a 500-mb. vorticity tendency 


due to the mountain effect, (0¢/0f),,, of 


o¢ n 
: (V.- Deals (2? 
( = ) i VT De 
where is the absolute vorticity at 500 mb. and V is the 
500-mb. wind. It furthermore that 
V,—V/5 since no information exists on winds other than 
at 500 mb. in the barotropic forecast. 


has been ussumed 


The mountain effect represented by equation (2) has 
proved quite ineflective in practice, giving as a contribu- 
tion te te 500-mb. height changes only a few decafeet in 
24 hours This mountain eifect clearly underestimates 
the actual atmospheric effect. A more adequate repre- 
sentation of this effect would take account of the fact that 
at higher elevations than sea level, the vertical velocity 
decreases upward from the standard pressure at the ground 
(p,), and that the wind speed at ground level would be 
higher 1000-mb. 


quently, in this study an improved mountain effect. ts 


than at a fietitious surface. Conse- 


used, namely 


o¢ 7 2 
(5) ) = oy, ) Mer Ve (3 


where p, represents the pressure at a mean tropopause, 
i.e., 200 mb., and V, represents the wind at ground level. 
This is obtained by supposing that Wp =V/5, and using the 


interpolation formula 


ve-v [1-08 (252) | 2 


if p, is expressed in millibars. 

In making calculations with this mountain effect, the 
values of p, used were taken from the paper by Berkofsky 
and Bertoni [3]. 


3. INCLUSION OF SURFACE FRICTION 


The components of the surface stress (7,, 7,) are related 
to the ageostrophic Inass transport (M,, M,) by the rela- 
tions, as given by Holmboe, Forsythe, and Gustin [7], for 
example, 


T AM, 
—~s 


If we solve for the mass divergence in the friction layer and 
introduce the equation of continuity we obtain the well- 
vertical velocity wy, (actually 


known expression for 


(/p/dt) at the top of the frietion laver, 


9 ( Sse) (6) 


Ht Oy Oz 
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Various opinions have been presented regarding the 
most suitable expression for the surface stress as a function 
Mintz [12] favors 
a linear relationship, whereas the data presented by Tay lor 


of the surface geostrophic wind speed. 


[22] and by Lettau [9] suggest that the surface stress js 
more nearly proportional to the square of the wind speed, 


according to the expression 
T=CupViy 7 


where p is the density and C, is the skin drag coefficient, 
We will understand V,, as the wind at the top of the frie- 
tion laver, or the geostrophic surface wind. 

Lettau [10] has presented a remarkable analogy between 
flow in conduits and flow in the atmospheric boundary 
laver, supporting the use of equation (7), at least for large- 
varies markedly 


scale flow. In view of the fact that C 


with changes in the static stability, equation (7) and even 
the concept of drag coefficient, might not be especially 
useful for small-scale studies or for forecasts of short time 
range; e.g., 12 hours. However, since barotropic forecast- 
ing is concerned with large-scale atmospheric motions ex- 
tending over periods of several days, the relation described 
by equation (7) was selected for use in this study. 

In order to incorporate friction into the forecast in any 
scale of motion smaller than the zonal vortex itself, it is 
necessary to have a map of the distribution of the drag 
coefficient over the forecast area, in this case the Northern 
Hemisphere. Although maps of this type do not appeat 
in the literature, a large number of both empirical and 
theoretical determinations of surface stress and drag co- 


A num- 


In the discussion 


efficient have been made by various investigators. 
ber of these will be considered below. 
of numerical values we shall try to discriminate between 
the drag over flat land or over ocean and the form drag of 
the large-scale relief of the earth’s surface. For this pur- 
pose we can consider that the drag coefficient Cy is made 
and (4, 


will be used to give the form drag of the relief, and € 


up of two partial drag coefficients, C; where € 
is relatively constant. 

Sawver [14], following an earlier treatment by Scorer 
[15], has computed the drag of a mountain ridge by con- 
sidering the net downward transport of momentum by the 
gravity oscillations set up in the flow over the ridge. His 
equation for drag is well suited for computation of numert- 
cal values of C,. For example, with ridges 300 m. high 
spaced at 10-km. intervals, C,—0.15 10 This might 
correspond to the Appalachian Mountains in the eastern 
United States. 
tremely rough mountains, 3 km. high, spaced 80 km. 
apast, we find (,=0.85>10-*. This could correspond to 
the roughest places in the Rocky Mountains or to some 


Extending the same treatment to eXx- 


areas of Tibet. 

It seemed desirable to have for use in this study a rela- 
tively simple method for determining the form dreg ol 
the mountains, more specifically, C,, at a large number of 
places, having available only the information contained 
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number of mountain ridges of height / 


is considered ft 


~- 


aus deseribed It) 


total force exerted on the atinosphere by the moun- 


in a given square of side d, can be written as 


hg across a grid square perpendicular to the wind, 
o be the 


wind 
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speed at the approximate height 4/2 and £ is an efficiency 
number representing the efficiency of the mountains in 
blocking the flow. In determining the form drag of ob- 
jects much smaller than mountains, one normally subjects 
them to a channel or wind tunnel test. Since this was not 
possible here, it was necessary to estimate A’ by other 
Means. 

In this case empirical data are available from compu- 
tations of the mass transport of air across surface isobars. 
Additionally, several actual measurements of surface stress 
However, no data are 
We will therefore 
include the ealeulation from Sawvyer’s equation for this 
Considering that (,=—C,—(C; 


by drag plates have been made. 
available for very mountainous regions. 
purpose we obtain from 
the literature the following values for different types of 
relief: 
a) land with trees or with some low relief, (,—0.1 
to 0.2 LQ 
b) moderately high mountains, (0.2 to 0.5 10 
c) verv high mountains, (0.5 to 0.9% 10 
A sampling procedure was emploved in which values of 
nand hk were determined from detailed aeronautical charts 
of nm and of 


ata number of points. From measurements 


Ah (equation (S)) it was observed that a value of 1/4 for A 
would rive approximate agreement with the typical values 
of (, cited T sampling 
using A=1/4 


spheric map 


above Phe was then extended, 


until it was possible to sketch a hemi- 
In considering the most appropriate value for C), which 
should apply to very flat land or to oceans, it Was found 
that a widespread agreement exists in the literature, with 
the exception of baroclinic westerlies over oceans where 
special problems associated with thermal gradient arise 


Sheppard et al. [17 An average value from the various 


muss transport calculations gives ¢ 0.1210 The 
hemispheric map of C;, shown in figure 2, is the result of 
adding (, to the hemispheric distribution of @,. The 


selection of independent determinations of drag coefficient 
Is presented in table 1. 
Mintz 


the surface stress was determined by consideration of the 


11] has published a preliminary study in which 


lack of balance between the two sides of a simplified form 
of the vorticity equation. The values of surface stress 
which he computed at twelve different locations are about 
two to five times larger than could be obtained from the 
Mintz stated in the 


same study that he preferred to study possible sources of 


drag coefficients reported in table 1. 


It is hoped that after 
the 


error before proceeding further. 


doing so he will extend his calculations by novel 


method he emploved. 
It is of interest to examine the values of surface stress 
obtained by 


various workers investigating the general 


circulation. From Palmén’s [13] value of zonal surface 
0.18 


Palmén obtained his value from calculation of the 


stress we obtain (, 


} 10~? by assuming Vy 7 mn. 
l 


SCC. 
meridional mass transport, using data from stations at 10° 


to 20° WN. 


Starr and White [19] have given an estimate 


MONTHLY WEATHER 





REVIEW 


SEPTEMBER-—DECEMBER [960 


100 + 





Greenland 













” 70- 
(a) 
a 
= 60- 
on 
<x 50- 
40- ] North America 
30- 
20- 
10-4 
0 T T T T T T T T me 
5 10 15 20 25 30 35 40 45 
ZONAL WIND (KNOTS) 
KiGuRE 3 Profile of 500-mb. zonal winds for January. Ver 
lines indicate approximate latitudes of highest ter 


of the normal average drain of angular momentum nort! 


of 31° N.. due to surface friction. This can be used to 
compute an average surface stress over this area bv inte- 
erating the equation for the torque exerted on a zonal 


strip of the earth bw the atmosphere, with the surface 
stress assumed constant. If we further assume an average 
value of Vy, 7m. see.~', as in the case of Palmén’s data, 
we obtain an average drag coefficient C, 0.23 LO~- 
These data can be used to check the drag coefficients ol 
figure 2. These values, at the erid points, were weizhted 
1 the areas of the erid squares and averaged, elving 
( 0.22 10 Northern Hemi- 


sphere north of 15° N. 


for the entire area 


The close agreement between these three values is partly 
fortuitous, and cannot be interpreted too literally, due to 
the approximations made in interpreting the results of 
Palmén and of Starr and White, particularly in the guess 
made for Vy in each case. 

The friction effect is then incorporated into the baro- 
similar to the mountain effect 


tropic forecast in a way 


(equation (3 giving a vorticity change, arising [rom 


friction, (O¢/Of), 


(=) NW Q 
Ot); Pe—pPr 
in the calculation of wy, the lateral variations of Cy have 


been taken into account. The equation suitable for this 


is obtained from substitution of equation (7) into equation 


(6), giving the form 


py} O 
WH f oy 
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| Deviations (in decafeet) from zonal flow in 48-hr. forecast obtained by including mountain effect but no friction in forecast 


model The highest terrain areas are shaded 


wand v are the components of Vy of equation (7 

to be the same wind as the V, of equation (4 
mountain and friction effects were then incorpo- 

into the barotropic model described by Cressman 


he form 


d¢ dy, (a oe 
ait Va— "ot oy ) Hse) r ae 


Y is the stream function. Since the 500-mb. wind 


is represented by a stream function, it would be more 
correct, strictly speaking, to use a standard value of / 
as the coefficient of the divergence terms, as shown by 


Wiin-Nielsen = [23]. 


vorticity budget for the entire area resulting from the use 


However, the unbalance of the 
of n as a coefficient in the non-friction terms was deter- 
mined by numerical experiment to be about 1 percent in a 
3-day forecast. Consequently, it appears that the form 
f the coefficient, at least in this model, must be deter- 
mined by other than vorticity budget-balancing argu- 
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FIGURE 5 Deviations (in deeafeet) from zonal flow in 48-h1 


ments. No other study of this question was made here, 


and the question is regarded as unresolved, but probably 
of small importance. 

The computation of the forecasts was made over the 
1977-point grid of the Numerical Weather Pre- 
l-hour time steps. The time required 
on the IBM 704 for advancing one time step is about 35 
seconds without friction and about 55 seconds with friction 
included, depending to some extent on the time of the 
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vear, since the number of scans required for solutio 


the Helmholtz equation 11) depends on the vigor o! 
atmospheric activity. 
The time involved in the calculations was 


short: 
by setting (, to zero at all oceanic points. 


The cal 
tion of wy, (equation (10)) was then by-passed whe! 
relevant values of (, were found to be zero. Compa! 
of the 48-hr. forecasts made with and without this « 
approximation showed no significant change introd 
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IGURE 6 Deviations (in deeafeet) from zonal flow in 48-hr 


in either the zonal wind profile or in the local height 
res. However, one should be careful not to extend 


conclusion for application to more complicated 


els than the barotropic. 


FORECASTS WITH A ZONAL WIND BELT 


order to obtain an idea of the magnitudes of the 


ntain and friction effects, a series of barotropic 


‘asts Was made in which the initial data consisted of 


of circular stream lines at 500 mb. coincident with 
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Pa x 
y t 
\ 
j , ‘ 
‘ 
\ 
\ ° 
j 
dt 
fore cust introduced by combi ( d mountain ane iriction ¢ {Te ct 


the latitude circles The zonal profile of the initial data 
corresponds to the normal hemispheric zonal profile for 
January, and is shown in figure 3. This gave an un- 
realistic distribution of westerlies to the extent that the 
normal January winds tend to detour around the highest 
land masses, particularly in Asia. 

for a control, a 72-hr. forecast was made without either 
mountains or friction. Any forecast changes would be 


erroneous, representing the effects of boundary and 


truncation errors. The maximum change observed in 








Figure 7.—Initial 500-mb. chart for 1200 Gm, April 2, 1960. 


this forecast was 20 feet, indicating that the changes 
introduced into subsequent forecasts by mountain and 
friction effects were real. 

Next, a 48-hr. forecast was made in which the effect 
of mountains, (O¢/Of),, was included, but in which the 
effect of friction was excluded. The disturbances which 
developed on the initially zonal flow are shown in figure 4. 
Examination of this figure reveals that the effect of the 
mountain terms is to turn the flow to the right, with the 
downwind fall centers having about twice the amplitude 
of the upwind rise centers. 





334 MONTHLY WEATHER REVIEW 





SEPTE MBER—DECEMBER 1{) 


Dashed line encloses area over which verifications were computed 


The result of making a 48-hr. forecast in which 
mountain term was excluded and the friction term 


cluded is shown in figure 5. The chief impression o! 
tained from this figure is that of a retardation of | 
zonal flow over the roughest areas of figure 2. Genera!! 
speaking, there appears to be a diversion of the ff 


) 


around the roughest areas. 


Figure 6 shows the result of including both mount: 


and friction terms in the forecast. In this map the 


east of the Asian Plateau is considerably smaller t! 


shown in figure 4. 


The formation of a jet stream flow 
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FIGURE 8. 


‘rom the southwest over southeastern Asia and Japan by 
tS liv. (particularly if one adds mentally the initial zonal 
flow) is suggestive of the well known jet stream observed 
to ‘orm in that region. 
the Rocky Mountains with the flow from the north on 


Also, the ridge appearing over 


(he east side of the mountains resembles the perturba- 
lions on the normal charts. 


FORECASTS WITH METEOROLOGICAL DATA 


series of forecasts was made using initial data from 
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Verifying 500-mb. chart, 1200 cmt, April 4, 1960, for forecast made from figure 7. 


ten different days, four from April 1960, and the remaining 
selected at random. From each set of initial data, two 
48-hr. forecasts were made——-one with mountain and 
friction effects excluded and one with these effects in- 
cluded. Verifications of 500-mb. geostrophic winds and 
heights were made over a restricted area of North America 
(inside dashed line in fig. 7). A verification over the Asian 
area would have been desirable but was not attempted 
because of the inadequate data over the Asian Plateau 


The verifications are presented in table 2. 
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lerror in decafeet) of 48-hr barotropic forecast from 1 2¢ 


included it 
These 


provement 


verifications show a general trend toward im- 


and fri tion 


ing the modest amount of error reduction, we should re- 


of the forecasts when mountain 


effects are included in the forecast model. consider- 


member that, according to the well-known rules of statis- 
tics, the effect on the total root-inean-square error of 
removal of one of several error sources of about equal 
importance is relatively slight. Also, due to the fact that 
the forecast model is simple (barotropic) and the surface 
winds are obtained by a guess, the friction and mountain 


effects computed in these forecasts represent only an 


approximation to the actual atmospheric processes. 
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cast made without mountain and friction effects from 


| order to see some of the results in greater detail, let 
In one of these, the Rocky 
ntain area was dominated by a ridge. In the other, 
is dominated by a trough. Furthermore, the height 
ications (table 2) showed an improvement in one case 
deterioration in the other as a result of the inclusion 
rrain effects. 

i¢ first of these, April 2-4, 1960, figures 7 and 8, shows 
intensification of a 500-mb. ridge over the Rocky 


intains. The errors of the 48-hr. forecast made with- 
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Contribution of mountains and friction to 48-hr. forecast from 1200 Gur, April 2, 1960, obtained by subtracting 48-h: 
18-hr. forecast 





fore- 


made with both effects (Labeled in decafeet 


out terrain effects, figure 9, are unusually large for baro- 
tropic forecasts at this time of the vear, indicating that 
practically none of the ridge development was forecast 
The added forecast change from the terrain effects, figure 
10, shows the reduction of error in the mountainous area 
of western Canada by about 25 percent of the total error 
In investigating this case further, it was discovered that 
the surface wind approximation used in the model gave a 
surface (gradient level) wind of only half the observed 


va'ue at the initial time. If the surface wind approxima- 
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tion had been accurate, over half of the large errors over 


North America would have been removed in this case 


The attempted correction of non-existent errors over 


The 


objective analysis program (Cressman [5]) uses as a first 


China in this case illustrates a special problem. 


guess the 12-hr. forecast from the previous observation 


time. This is made at present from a forecast model 


having only an ineffective mountain term and no friction. 
It tends to Asian 


Plateau, as shown by an occasional late report received 


forecast too strong winds over the 
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Initial 500-mb. chart for OOOO Gat, 
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April 23, 1960. 


Tibet. As a 
tends to perpetuate this type of error in this area. 


from result, the forecast-analysis system 
Thus 
when an analysis made by this system is used as initial 
data for a forecast with realistic mountain and friction 
effects, too strong terrain corrections are obtained. We 
should expect that when a feedback from a mountain- 
friction forecast model is made into the analysis system 
improved analyses showing weaker winds over the Asan 
Plateau will result. 


In the second example, April 23-25, 1960, the Roc) 
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Figure 12.—Verifying 500-mb. chart, 0000 Gur, April 25, 1960, for forecast made from figure 11. 


Mountain area was dominated by cyclonic flow. The 
Low in the western States at the initial time (fig. 11) 
moved slowly northeastward with filling (fig. 12). The 
failure of the forecast without terrain effects to forecast 
the filling is shown by the error chart of figure 13. The 
contr bution of mountains and friction, shown in figure 14, 
proc iced a height change in the forecast very nearly equal 
and opposite to the large error appearing in figure 13. 
The ‘act that the root-mean-square height error of the 
fore.st was slightly increased by the inclusion of the 
terre 1) effects runs contrary to expectations from looking 


at the maps, and reflects the treacherous nature of un- 
interpreted root-mean-square errors. Despite the verifi- 
cation, one obtains an impression of a_ substantial 
improvement gained by incorporating the terrain effects. 


6. CONCLUSIONS 


From the above study we conclude that combined 
mountain and friction effects in the atmosphere are 
responsible for large and recurrent forecast errors. The 
action of terrain on the atmosphere is probably of equal 
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Figure 13.—Error (in deeafeet) of 48-hr. barotropic forecast from 0000 amr, April 23, 1960, with no mountain or frietion effects included 
in forecast model. 
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RE 14.—-Contribution of mountains and friction to 48-hr. forecast from 0000 Gat, April 23, 1960, obtained by subtracting 48-hr. fore- 


cast made without mountain and friction effects from 48-hr. forecast made with both effects. (Labeled in decafeet.) 
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A NON-TORNADIC SPIRAL-SHAPED RADAR ECHO’ 


CAPTAIN LIMON E. FORTNER, JR., USAF 


an 


] 


C. L. JORDAN 


Florida State University, Talla ee, Fla. 
{Manuscript received September 16, 1960: revised October 26, 19¢ 
ABSTRACT 


A spiral-shaped radar echo, apparently of non-tornadic origin, was observed over southwestern Alabama on the 


afternoon of July 1, 1959. 


A series of scope photographs of the CPS—9 radar at Maxwell Air Force Base shows that 


this feature persisted for well over an hour and suggests that the pattern was experiencing anticyclonic rotation 


1. INTRODUCTION 


During the afternoon of July 1, 1959, an unusual spiral- 
shaped radar echo of rather small dimensions was ob- 
served over southwestern Alabama on the AN/CPS-9 
radar at Maxwell Air Force Base, Montgomery, Ala. 
Special attention was devoted to this radar feature since 
in sev _al cases tornadoes have been found to be asso- 
ciated with hook- or spiral-shaped echoes ({1, 2, 3]). In 
this instance, however, no evidence could be found that 
tornadic conditions existed in the 
This feature persisted for 


would indicate that 
vicinity of the unusual echo. 
a period of nearly 2 hours and at its point of greatest 
organization (fig. 1) was not too dissimilar, as far as size 
and shape, to the echo associated with the Worcester, 
Mass. tornado of June 9, 1953 [1]. The total 
extent of the echo, as discussed below, was much less than 


vertical 


found in most of the tornado-producing systems. 

During the period of its existence, the spiral-shaped 
echo shown in the successive parts of figure 3 moved about 
55 miles toward the west-northwest. It did not pass close 
to any first order weather stations and there were no 
special reports of tornadoes, hail, or damaging winds 
appearing on the weather circuits. Additional evidence 
Was sought from a questionnaire mailed to U.S. Weather 
Bureau cooperative observers on the day after this echo 


was observed. The only instances of severe weather 


revealed by this survey were reports of hail at some dis- 
tance to the right and left of the track of the echo. Light 
hail was reported at Brewton between 1400 and 1500 cst 
and fail fell “during the afternoon” 6 miles southwest of 
Minter (fig. 2). A visit to the area of interest was made 


by \fajor Kitzman of the Maxwell AFB Weather Detach- 
mer! about a week after the echo was observed, but his 
conversations with a number of individuals in the area 
uli ered no new evidence. The rainfall records for 


hed with the permission of Commander, Air Weather Service 


southwestern Alabama, as discussed below, show that 
precipitation was very light on July 1 in the western 
portion of the area traversed by the spiral echo 

Since well-defined vortices or spiral echoes of the type 
shown on the Maxwell AFB CPS-9 on July 1, 1959 could 





Ficure 1.—A photograph of the Maxwell AFB CPS-9 PPI scope 
taken at 1501 cst, July 1, 1959 
interest is Jocated about 90 miles to the southwest of the station 


The spiral-shaped echo of 


The set was on long pulse (5 microseconds) and the antenna was 


elevated one degree. 
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Ficure 2.—The principal radar echoes observed by the Maxwell AFB CPS-9 at 1359 cst, July 1, 1959, (fig. 3b) are indicated by the 
hatched area. The track of the spiral-shaped echo is indicated by the dashed line with times given in Central Standard Time. The 
24-hour precipitation amounts are shown (in inches) for all available stations. The precipitation totals are for 24-hour periods ending 


at several different times but all totals include the precipitation which fell during the afternoon of July 1, 1959. 











possibly lead to false tornado alarms, it was felt that a southeastern United States and a well-developed north- 
careful examination of this case might prove of value. south line of thunderstorms “ae about 50 miles west 
Accordingly, an attempt has been made to evaluate the of Maxwell AFB during the morning hours of July 1. 
available radar information in view of the existing weather This line remained in approximately the same position 
conditions in the area and the characteristics of the radar during the afternoon (fig. 3) with seattered showers 
set. developing to the east of the line; these resulted in locally 
heavy rains in some areas northeast of Montgomery (fig. 

' 2). A small tornado of short duration occurred near 

SYNOPTIC CONDITIONS Craig AFB, Selma, Ala., at about 1100 csr. The radar 

During the morning of July 1, 1959, a cold front ex- echoes on the Maxwell CPS—9 were indicated to extend to 
tended from northern Indiana to western Arkansas with a 70,000 ft. in the vicinity of this tornado. There were no 
relatively strong pressure gradient to the rear of the front. unusual hooks or spirals noted on the radar at the time of 


The pressure gradient in the warm air ahead of the cold — this tornado. 

front was weak over most of the southeastern United The spiral-shaped echo discussed in this report was in 
States with a north-south trough extending from Ohio to association with a well-developed complex of showers — 
Florida. Shower activity was quite prevalent over the which developed during tne early morning me in the 
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vicinity of Evergreen (fig. 2). After remaining nearly 
stationary for several hours, this system moved to the 
west-northwest in opposition to the weak pressure gradient 
shown on the surface charts. Later in the afternoon this 
weakening echo tended to become aligned with the 
showers which had persisted in a line to the west of 
Maxwell AFB (fig. 3g). The motion of the radar echoes 
over southern Alabama was roughly parallel to the 
flow at the 500-mb. level and the north-south line of 
showers fell near a weak 500-mb. trough. At this level 
a col was located near Montgomery with westerlies to 
the north and easterlies to the south. 

The heaviest rains over southern Alabama on July 1 
were at Evergreen with 2.62 inches and at River Falls 
and Andalusia, some 20 miles to the east-southeast of 
Evergreen (fig. 2). The observations from the Federal 
Aviation Agency station at Evergreen show that the 
heaviest rain occurred between 0900 and 1000 csr during 
the time that shower area was nearly stationary. Light 
rain was falling at Evergreen as the center of the shower 
area passed to the north of the station (fig. 2) and con- 
tinued until 1540 esr. Thunder, which had been reported 
continuously from 0556 cst, ended at Evergreen at about 
1345 cst. The reported surface wind speeds at Evergreen 
were very light throughout the existence of the spiral 
echo. The observations made nearest the time of the 
spiral echo, at 1159 and 1255 cst, reported east 5 knots 
and east-northeast 6 knots. Higher wind speeds may 
have occurred between these observation times but special 
observations should have been recorded if the wind speed 
had increased to above 26 knots. 

A spiral echo with a well-defined central ‘clear’’ area 
Was first apparent on the radar scope at about 1400 cs? 
and, by this time, the rainfall in the path of the shower 
area was relatively light (fig. 2). One station almost 
directly in the path of the echo during its dissipating 
stage reported no measurable rain (fig. 2). 


3. THE SPIRAL-SHAPED RADAR ECHO 


The shower area which spawned the unusual radar 
echo first attracted attention at Maxwell AFB about 1200 
cst when some of the outer portions of the echo tended 
to take on a circular form centered about a small area of 
lighter return. At this time the echo was near Evergreen 
(figs. 2 and 3a). By 1430 cst, a clearly defined vortex 
echo with a “clear” center about 5 miles across had ap- 
peared on the scope (fig. 3c). This vortex was closely 
monitored as it moved west-northwest along the track 
shown in figure 2. During this period a series of scope 
photographs of the CPS-9 was taken with a Polaroid 
camera, a large portion of which are reproduced in figures 
sand 4. Most of the PPI photographs were taken on 
200-mile range and the 100-mile range marker appears 


just outside the spiral echo. The expanded-seale off- 


center photographs (3h, j, k, and 1) were taken during 
the (ssipating stage of the echo and show but little 
more detail than those taken on the 200-mile range. 
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Although the photographs were not taken at sufficiently 
short intervals to definitely establish details of the circu- 
lation, the patterns (cf. fig. 1) suggest that the detailed 
features within the vortex were circulating in the anti- 
cyclonic sense with a slight tendency toward indraft. 

The rainfall data presented in figure 2 suggest that very 
little precipitation was occurring in the vicinity of the 
spiral echo during its last stages. The CPS—9 is a rela- 
tively high-powered set (250 kilowatts peak power) oper- 
ating at a relatively short wavelength (3.2 cm.) and is, 
therefore, capable of detecting non-precipitating clouds in 
many instances [4]. The PPI photographs were all taken 
at approximately the same gain setting (8.0 on the linear 
0-10 seale used on the CPS-9) and with the antenna 
elevated 1°. With this antenna tilt and with normal 
refraction, the center of the beam in the vicinity of the 
echo would have been located about 8,000 ft. above the 
tangent plane or about 13,000 ft. above the earth’s surface. 
The width of the CPS—9 beam, as defined by the half- 
power points, is 1°, so that at 90-100 miles out the beam 
would have been covering a layer about 9,000 ft. thick. 
Therefore, the spiral echo shown on the radar photographs 
should be considered as arising primarily from hydro- 
meteors in a layer from roughly 8,500 to 17,500 ft. above 
the earth’s surface. 

Range-height-indicator (RHI) scope photographs taken 
during the weakening stage of the echo at 1521 and 1545 
cst (fig. 4) show clear areas corresponding to the vortex 
and indicate that the echo did not extend more than 20,000 
ft. above the tangent plane or 28,000 ft. above the earth. 
Some reduction of this maximum altitude value should be 
made to compensate for the beam width since, as indicated 
above, the conical beam is covering a layer about 9,000 ft. 
thick at this range. The primary information provided 
by the RHI photographs is that the spiral echo was 
essentially vertical and extended from roughly 8,000 ft. 
to somewhat less than 25,000 ft. The vortex does not 
appear as distinctly on the later RHI photographs as on 
the earlier one and this change is consistent with the 
features of the PPI photographs (figs. 3h and 3j). RHI 
photographs are not available for the earlier stages of the 
spiral echo but during the late morning hours the radar 
echoes in the vicinity of Evergreen extended well above 
30,000 ft. 

The spiral echo was also observed on the CPS-9 at 
Keesler AFB, Miss. from 1453 to 1516 csr. The scope 
camera was inoperative but a sketch of this echo made 
by Sgt. Kovacs of the Keesler AFB Weather Detachment 
is very similar to the pattern shown in figure 1. Because 
of the greater distance to the echo, the beam from the 
Keesler AFB radar was probably intersecting a somewhat 
higher portion of the echo than that seen by the Maxwell 
AFB radar. 


4. SUMMARY 


The spiral-shaped radar echo observed over southwest- 
ern Alabama on July 1, 1959, by the CPS-9 radars at 
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(e) ISOICST (f) ISIICST 


FIGURE 3 A series of photographs of the Maxwell AFB CPS-9 PPI scope taken during the afternoon of July 1, 1959 as indicated by 
I I I ; 

the times shown below the individual photographs. The 100-mile range marker is just outside the spiral echo in all the photogrphs 

All photographs were taken with the set on long pulse (5 microseconds) with the antenna elevated one degree. All photograp! en 


taken with the gain setting at the same value (8.0 on the arbitrary 0-10 scale provided on the CPS—9 
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| (k) 1548 CST (1) 1602CST 


FIGURE 3 Continued 
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(a) 1521 CST (b) I545 CST 


FIGURE 4 Photographs of the range height indicator (RH1) scope of the Maxwell AFB CPS-9 taken on July 1, 1959, at 
indicated. The photographs were taken at azimuths of 236° and 240° which corresponded to the bearing of the spiral-shaped radar 
echo Maximum range (horizontal seale) is 100 statute miles with range markers at 25-mile intervals and maximum altitude (vertical 
scale) is 50,000 ft. with height markers at 5,000-ft. intervals The center of the vortex is about 90 miles from the station ir 


about 95 miles out in (b). 


Maxwell AFB and Keesler AFB Was associated with Pa server questionnaires were made available by Mr. Arthur 
R. Long, MIC, U.S. Weather Bureau, Montgomery, Ala 


dissipating shower area but could not be related to any 
The radar photographs used were obtained and made 


significant severe weather. A somewhat similar case was 
described by Soane [5] which could be related to the dis- available for this study through the cooperation oO! Maj 
tribution of heavy rain. The unusual echo over south- Gordon W. Kitzman and Lt. Col. O. H. True, both of 
Detachment 16, 4th Weather Group, Maxwell AFB, Ala. 


western Alabama was found in an area of relatively heavy 
rain during the earlier portion of its existence but persisted 
for some time in an area where the 24-hour rainfall was as. 
ag | oe ie | REFERENCE: 
quite light. During this time the vertical extent of the 


spiral echo was also rather small in comparison with well- 1. P. M. Austin, ‘Radar as a Meteorological Instrument,” Weather- 
developed convective systems (1 wise, vol. 10, No. 3, 1957, pp. 76-81 
The relatively small vertical extent of the echo, as well J. Schuetz and G. E. Stout, “RHI Radar Observations of a 
. : i : : Tornado,” Bulletin of the American Meteorological Society 
as the suggested anticyclonic circulation, could perhaps vol. 38, No. 10, Dee. 1957, pp. 591-595. 
have been used as evidence that the spiral echo was ol 3. 6G. E. Stout and F. A. Huff. “Radar Records Illinois Tornado- 
little practical importance. However, it remains to be genesis,’’ Bulletin of the American Meteorological Society, vol 
established whether these parameters can be used as 34, No. 6, June 1953, pp. 281-284 


$. U.S. Air Weather Service, ‘‘Operation and Utilizatio 
f | k-s! | iral-s} | | | AN/CPS-9 Radar,’’?’ AWS Manual 55-6, U.S. Air Foret 
0 oOoK-SHnaped OF splrai-shaped radar echoes. : : : as es 
? | | Washington, D.C., 1955, 67 pp 
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Weather Note 


AN APPARENT OBSERVATION OF ICE CRYSTAL HAZE BY RADAR 


1. RADAR OBSERVATIONS RHI scope was improperly aligned at this time, causing 


' : , the slo ing baseline visible in the yhotos, and a slight 
During the period from 2200 est March 4, until 0800 | | 


est March 5, 1960, a rather unusual example of precipita- 
tion aloft was observed on the WSR-57 radar at Washing- 


error in the height indications 


ton National Airport. Occurring predominantly to the 
north and east of the station, the echo appeared in all 
quadrants for much of the period. Often it formed a ring 
or “halo” about the center of the PPI scope, similar to the 
pres¢ ntation associated with a layer of altostratus cloud, 
sometimes detectable on the WSR-57. This return, how- 
ever, was brighter, and in appearance resembled that of 
light snow. See figures 1 and 2. 

The RHI presentation (figs. 3-5 depicted two layers, 
identical in appearance to the return of layer clouds, or 
precipitation aloft, generally extending in all directions, 
and presumably over the station. The horizontal extent 
of the echo, at times 35 to 40 n. mi., gave further credence 
to the presence of precipitation aloft, as cloud returns are 


seldom detected beyond 15 or 20 n. mi. 





Figure 3 taken at 0232 Est, shows a layer based at 
approximately 2,000 feet, with the top about 10,000, and a Ficuae 1.—PPI scope, 0146 zat, March 5, 1960. Settings: 50-mi 
higher layer, based at roughly 11,000 feet, with the top at range: 3° elevation: normal aia: STC off 
about 15,000. Until 0400 Esv, with the exception of a 
single observation toward Baltimore, all the precipitation 
observed was aloft, requiring an elevation angle of 2 to 3 
degrees for detection. From this time on, however, the 


echoes began to reach the ground at various points. At 
the same time, the tops seemed to average slightly higher, 


In some cases reaching an indicated height of 20,000 feet. 
Also, an apparent movement from the southwest was 


hoter 


Fivure 4, taken at 0650 EsT, again indicates two layers, 





with the principal difference being the height of the top of 
the second layer, reaching to a little more than 18,000 feet. 
Fig 5, at 0730 Est, is about the same as figure 4, except 
that ‘he horizontal extent of the lower layer is greater, and 
it appears to reach the ground (zero baseline) at a point 
In the vieinity of the 20-mile range marker. The RHI 
observations were not confined to a particular quadrant 
or az nuth, and the echo was detectable in all directions, 
wit nly slight variations in the heights of the bases pyoure 2-—PPI scope, 0232 Est, March 5, 1960. Settings: same 


an ps. (It should be noted that the zero level of the as in figure | 
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FIGURE 3 RHI scope, 0232 est, March 5, 1960. Settings: 25-mi 


range; azimuth 117°; full gain; STC off. 





FIGURE 6. SA” see pe, 0240 Est, March 5, 1960. Settings: 25-mi 


range; azimuth 117°; lin receiver; gain wav down, STC off 


In addition to the similarities of the observed echoes to 
those of light snow, as presented on the PPI and RHI 
displays, there was the further parallel of the “A” scope 
presentation (fig. 6), where the rapidly fluctuating, inco- 
herent nature of the display definitely suggested a pre- 
cipitation target, being of a greater amplitude than would 
have been associated with a cloud return. 


2. WEATHER OBSERVATIONS 


Observations taken during this interval, however, of 
ceiling and sky conditions failed to substantiate the radar 





return, or at least not in the manner which might have 
FIGURE 4 RHI scope, 0650 est, March 5, 1960. Settings: same been expected. The stars overhead were visible for much 
as in figure 3 of the time, and the only detectable clouds formed a high 
overcast, apparently cirrostratus, at an altitude well above 
that of the echoes represented on the RHI scope. The 
observer did detect a slight “‘haze-like”’ laver al approxl- 
mately 8,000 feet early in the period, and a pilot flying 
in the area covered by the target reported a kind of 
“haze” with the ground visible through it from an altitude 
of 8,000 feet. 

The airways observation, made at 0230 Est, repor' da 
thin broken layer at 8,000 feet, and a higher overcast. 
The lower layer, however, was based on a clinometer 
observation by the observer, in which he noticed a thin 
“haze” at approximately 8,000 feet, while the upper layer 
was Judged to be quite high, in the vicinity of 20,000 feet. 
The 0700 esr observation, taken after sunrise, disclosed 
a broken layer at approximately 17,000 feet, w a 
higher overcast above that. The 0730 gsr observ: tion 
was much the same as the one at 0700 esr. It shou!:! be 





noted that although the radar was still indicating a | wer 
Ficure 5.—RHI scope, 0730 est, March 5, 1960. Settings: same layer, there was nothing visually observed below 17.009 
as in figure 3 except azimuth 74°. feet, not even the “haze” layer mentioned earlier. 
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Upper air sounding, 1900 est, March 4, 1960. 














FIGURE 7. 


At 0205 Esta pilot report relaved to the observer stated: 
“Descending from Riverdale— indefinite haze layer—con- 
tact with ground from 8,000 feet.’ Riverdale, a radio 
navigational aid site, is located about 6 n. mi. northeast 
of the airport, and at this time was in the area covered 
by the target, as presented on the PPI scope. This 
report, coupled with the apparent lack of observable 
clouds or precipitation over the station, at the heights indi- 
cated by the radar, would seem to indicate something 
other than the presence of snow aloft, at least snow 
associated with a deck of stratus clouds, as would appear 
to have been indicated by the RHI presentations. 

At 0300 Est Baltimore reported very light snow showers 
in their airways observation, and in their 0700 rs? synoptic 
report. recorded a trace for the 6-hour precipitation 
amount. At that time the echo was located principally 
to the northeast of the Washington National Airport, and 
extended in the general direction of Baltimore. A check 
ol the RHI scope revealed that precipitation was appar- 
ently reaching the ground at a distance of approximately 


9 . rm: . ° 

<0) mi. to the northeast. This echo, incidentally, also 
included Riverdale, mentioned earlier in the pilot report. 
if (his was snow, it was apparently very light and fine, 


anc. as stated before, apparently not locally associated 
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Upper air sounding, 0700 gest, March 5, 1960 











FIGURE 8, 


with any cloud layers at the heights indicated on the 
radar, or else they would have been visible to the pilot, 
and to our observer at the airport. Baltimore, however, 
was reporting low clouds, with one deck at 1500 feet, 
broken, and a higher overcast at 5,000 feet. Prior to this 
observation, however, they had been reporting only a high 
overcast. Snow was reported during much of the period 
from stations farther north and northwest as, for example, 
Wilmington, Del., Philadelphia, Philipsburg, and Pitts- 
burgh, Pa.; snow showers were reported in West Virginia 
and southwestern Virginia. 


3. SYNOPTIC CONDITIONS 


The surface analysis for 0100 Est, March 5, 1960, showed 
a deep Low in the Atlantic, south of Nova Scotia, and a 
large high cell centered near the Missouri-lowa border. 
Under the influence of these pressure systems, cold, un- 
stable air flowed strongly into the Washington area from 
the snow areas to the northwest. During the period 
under discussion the surface conditions showed little or no 
change. 

The 500-mb. analysis for 1900 est March 4 showed a 
closed Low near the Ohio—Pennsylvania border, with a 
trough extending eastward to ancther closed Low over the 
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Atlantic, associated with the surface depression in that 
region. By 0700 esr March 5, the first Low, and the 
associated shallow trough, had moved past the Washing- 
ton area and were located over the Atlantic, off the 
Maryland coastline. 
explain the apparent movement of the radar echo from 
the southwest during this period. Later (0800-1500 Es’) 
the direction of movement was very definitely from the 


The passage of this upper Low may 


northwest. 
4. UPPER AIR SOUNDINGS 


The stratification of the atmosphere, as shown by upper 
air soundings for Washington at 1900 est March 4 (fig. 7) 
and 0700 est March 5 (fig. 8), seemed to be closely related 
to the layers shown by radar. Both soundings indicate 
cold air aloft and at the surface, and high moisture 
content of the lower layers. In both soundings the lower 
layers are conditionally unstable and both show inversions 
and isothermal layers through the vertical extent of the 
radar echoes. To illustrate how closely the radar presen- 
tations and the soundings agree, a comparison of the 0700 
mst raob (fig. 8), and the RHI photo taken at 0730 Est 
(fig. 5) may be made. The raob shows the base of an 
abrupt change in the lapse rate at approximately 4,000 
feet, with the top of this more-or-less isothermal layer 
10,000 feet. The RHI photo shows 
a layer based (near the station) at approximately 4,006 
5,000 feet, with the top roughly 10,000—11,000 feet. The 
raob, again, shows another such layer based just above 
12,000 feet, with the top indicated at a little more than 
18,000 feet. The photograph depicts a second layer 
based between 12,000 and 13,000 feet, with a top at 
roughly 18,000 feet. The 0650 rst photo (fig. 4) shows 
about the same degree of correlation. The other photo, 


indicated at about 


taken about 0230 Est (fig. 3), though not close to either 
sounding in time, compares favorably if the gradual 
vertical extension of the isothermal layers in both direc- 
tions during the interval between soundings is taken into 


consideration. 


5. CONCLUSIONS 


(1) The echoes in question, at least locally, appear to 


have been from frozen precipitation particles, presumably 
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ice crystals, suspended in layers, and independent of 
accompanying clouds. Such a phenomenon fits pretty 
well the definition of ‘‘ice crystal haze,”’ a form of ice fog. 
as given in [1]: ‘‘A type of very light ice fog composed 
and at times observable to 
It usually is associated 
Observed from the 


only of ice crystals 
altitudes as great as 20,000 feet. 
with precipitation of ice crystals. 
ground, ice-crystal haze may be dense enough to hinder 
observation of celestial bodies. Looking down from 
the air, however, the ground is usually visible and the 
horizon only blurred.”’ The pilot report discussed earlier 
would appear to support this assumption. 

Another point, the precipitation of ice crystals, which 
could explain some of the observations of precipitation 
reaching the ground, also seems to fit. Ice crystals are 
defined in [1] as ‘‘ A type of precipitation composed of slowly 
falling, very small, unbranched crystals of ice which often 
seem to float in the air. It may fall from a cloud, or from 
a cloudless sky. It is visible only in direct sunlight or in 
an artificial light beam, and does not appreciably reduce 
visibility.” 

Whether Baltimore’s reported snow shower comes under 
this category is questionable considering their reported 
cloud heights. Since Baltimore was closer to the upper- 
level depression it would have been in an area of an earlier 
stage of the evolutionary precipitation process. 

(2) The intensity of the return was due to the hydro- 
meteoric nature of the particles, as well as to their rela- 
tively larger size, as compared to cloud droplets. Though 
these reflectivity factors enhanced their detection by 
radar, their rather low unit 
compared to that of a cloud, made visual detection 


concentration per area, 
relatively poorer, resembling as they did a very thin 
cirrostratus cloud layer. 

(3) The observed phenomenon was probably a dissi- 
pated stage of the snow showers farther north, associated 
with the upper low system. The radar layers, then, 
would have represented those frozen particles which 


remained-—lacking sufficient weight to precipitate. 
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THE WEATHER AND CIRCULATION OF SEPTEMBER 1960* 


Including a Discussion of Tropical Storm Activity 


C. F. TISDALE 


Extended Forecast Section, U.S. Weather Bureau, Washington, D. C. 


1. WEATHER HIGHLIGHTS 


September 1960 will be remembered by residents of the 
Atlantic Seaboard, from Florida to Maine, as the month 
and year of hurricane Donna. This severe tropical storm 
dominated weather headlines from its detection in the 
tropical Atlantic on September 2 until it became extra- 
tropical in the Maritime Provinces of Canada on Septem- 
ber 13. Preliminary estimates of total damage mark 
Donna as the most destructive storm ever to strike the 
United States mainland. The number of fatalities and 
injuries from Donna were slight in comparison with those 
sustained from other, lesser storms in the past, and this 
fortunate outcome can be attributed in major part to 
widespread and prompt dissemination of accurate and 
timely warnings. 

The sudden development of hurricane Ethel in the 
central Gulf of Mexico on the 14th was cause for consider- 
able concern to residents of Gulf coastal sections, especially 
those along the southwestern coast of Florida who had 
just endured the fury of Donna. The intensity of this 
new tropical threat fortunately decreased quite rapidly 
before it reached the coast and moved inland into southern 
Mississippi on the 15th 

September weather was also highlighted by extreme 
variability, specifically in respect to the temperature 
regines exhibited over the country during the course of 
the month, as periods of marked cooling alternated with 
periods of summer-like warmth in many sections. In 
spite of this variability, temperatures for the month as 
a Whole averaged near to above normal over practically 
the entire country. 

The sharp contrast between record precipitation in the 
extreme Southeast and Northeast and near to record 
dryness in some interior and far western areas was an 
additional highlight of September weather in the United 
Sta 


MONTHLY MEAN CIRCULATION AND WEATHER 


ng polar blocking, which had dominated the circu- 


on the weather and circulation of October, November, and December 1960 


wil r in the Review issues for January 1961, February 1961, and March 1961, 


This apparent lag is due to the change in monthly designation of the 
Rey ginning with the current issue. The calendar date of publication is not 


lation of August [1], receded southeastward during Sep- 
tember to a center north of Scandinavia, where 700-mb. 
heights were 300 ft. above normal (fig. 1). Along with 
this development, a gradual contraction of the cireumpolar 
vortex took place during the month. This circulation 
upheaval is indicated by the changes in monthly mean 
700-mb. height departures from normal from August to 
September (fig. 2). Note the significant height falls 
over the polar regions and the positive changes over the 
major portions of the United States, Canada, and middle 
latitudes of the Atlantic. The resulting mean circulation 
for September was predominantly one of high index from 
the coast of Asia eastward to the British Isles (fig. 1). 
Planetary waves were of small amplitude, and the axis 
of mean 700-mb. zonal wind speed maxima was displaced 
a substantial distance north of normal over North America 
(fig. 3). Broad cyclonic curvature characterized the 
central Pacific trough and its downstream counterpart 
over the extreme eastern United States. The wave- 
length between these two systems was long by summer- 
time standards and appears to have been sustained by 
the stronger than normal westerly circulation. The 
trough normally active along the west coast of the United 
States was extremely weak, and positive height departures 
from normal dominated practically the entire region from 
the northwestern United States eastward to the central 
Atlantic. 

The simple temperature and fairly well-defined pre- 
cipitation patterns for the month of September (fig. 4) 
can be related quite well to the monthly mean 700-mb. 
height and anomaly patterns (fig. 1), despite the changes 
in these patterns which took place during the month 
(section 3). 
practically all sections of the country (fig. $A) under 


Temperatures averaged above normal in 


predominantly above normal heights. ‘The warm tem- 
peratures in the western plateau areas represented a sharp 
reversal from the cool weather experienced there during 
August [1]. 
level ridge development over the Northwest (fig. 2) and 


This warmth was a consequence of upper- 


frequent anticyclonic passages in the vicinity of the 
Rockies (see Chart IX of [2]) which kept the region mainly 
in southerly flow at sea level. It was the warmest Sep- 
tember of record at Ely, Nev. and the month was also 


notably warm in some interior sections of California. 
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FIGURE 1. 


Mean 700-mb. contours (solid) and height departures from normal (dotted) (both in tens of feet) for September 1960. 


Note 


contracted nature of circumpolar vortex with strong zonal flow over middle and high latitudes of North America. 


Some warming was also experienced in central portions 
of the country under above normal 700-mb. heights and 
abundant sunshine, with South Bend, Ind. experiencing 
the warmest September since 1933. The cooling which 
occurred in the Middle Atlantic States from August to 
September can be attributed to increased cyclonic circu- 
lation aloft and to stronger onshore flow from the Atlantic. 
Near to below normal temperatures persisted in most of 
the extreme Southeast and Gulf coastal sections, where 
below normal heights and easterly, anomalous flow dom- 


inated during the month. This was the coolest Septem- 
ber since 1889 at Brownsville, Tex. 

Heavy precipitation from Florida northwestward to 
eastern Tennessee (fig. 4B) resulted mostly from tropical 
activity moving inland during the month. It was the 
wettest September and month of record at Miami, la., 
where rainfall totalled 24.4 inches. Well above normal 
rainfall in the Northeast occurred in conjunction wit! the 
passage of Donna early in the month, coupled with 
scattered showers and frontal rains later in the month. 











ER 1960 








Note 


em- 


to 
ical 
the 
la., 
mal 
the 
ith 
ith. 











SepTEM “ER-DECEMBER 1960 


MONTHLY WEATHER REVIEW 











AUGUST-SEPTEMBER 1960 











Ficure 2.-Changes in 700-mb. height departures from normal 
(tens of feet) from August 1960 to September 1960. Substantial 
height falls over polar regions are especially noteworthy. 
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Fieure 3.—Mean 700-mb. isotachs (in meters per second) for Sep- 
tember 1960. Solid arrows indicate axis of wind speed maxima, 
dashed arrows the normal for the month. The primary axis was 
north of normal over North America. Subtropical ridge line is 
denoted by solid line connecting centers of slow wind speed (8). 


New record precipitation amounts for September were 
established at Wilmington, Del., Scranton, Pa., Albany, 
N.Y. and Concord, N.H. Frequent outbursts of frontally 
inducod convective activity were responsible for twice the 
horn precipitation in southern Arkansas and = sub- 
Stant lly above normal rainfall from Wisconsin south- 
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Figure 4.—(A) Departure of average surface temperature from 
normal (° F.) for September 1960. The pattern is noteworthy 
for the predominance of above normal temperatures (shaded) 
over practically the entire nation. (B) Percentage of normal 


precipitation for September 1960. (From [L1].) 


westward to the panhandle areas of Texas and Oklahoma. 
Predominance of easterly anomalous flow precluded the 
possibility of any sustained intrusions of moist, Gulf air 
northward into the mid-sections of the country, resulting 
in marked dryness from eastern Oklahoma northeastward 
to western New York. It was the driest September and 
month of record at Akron, Ohio, and the second driest 
September of record at Detroit, Mich. and Columbia, 
Mo. Above normal heights and strong zonal flow col- 
laborated in the production of little to no precipitation 
over most of North Dakota and Montana, where rainfall 
deficiencies at Glasgow made this September the second 
driest of record. Seattered showers, while accounting 
for the heavy rainfall indicated in north-central Nevada 
did little to alleviate general drought conditions which 
have persisted over the State for two vears. 

That there was a marked predominance of anticyclonic 
activity in the month’s weather, is clearly illustrated by 
the abundance of migratory anticyclones and the almost 
complete absence of migratory cyclones in the United 
States, except along extreme northern border areas (Charts 


IX and X [2}). 


This is in good agreement with what one 








356 MONTHLY WEATHER REVIEW 


SEPTE MBER—DECEMBEK 1960 

































































SEPT. 27-OCT. 1, 1960 











Figure 5.—Five-day mean 700-mb. contours (in tens of feet) 


for selected periods in September 1960. In maps one week 
apart (B, D, F, and G) dotted lines show height departures from 
normal (tens of feet). These partially overlap maps shown in 
A, C, and E. Progression during the first week was followed 


by discontinuous retrogression during the second and third 


weeks with progression again occurring during the fourth week. 
The tracks of Donna, Ethel, and Florence at sea level 
shown by dashed lines; 
GMT positions. 
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would expect under a high index regime with the westerlies 
north of normal and 700-mb. heights above normal over 
most of the country. 

Below normal heights and cyclonic upper flow (fig. 1) 
resulted in correspondingly below normal temperatures 
and above normal precipitation over most of Alaska during 
September. Temperature anomalies of as much as —4° F. 
and precipitation amounts greater than twice normal were 
recorded in some interior areas of the State. This was 
the wettest September since 1925 at Fairbanks, Alaska. 


3. TRANSITION WITHIN THE MONTH 

The main features of the general circulation over North 
America underwent three major oscillations during the 
month of September (fig. 5). There was rapid progression 
during the early part of the month, followed by apparent 
retrogression and/or new trough development during mid- 
month, with gradual progression and amplification again 
occurring during the latter part of the month. Con- 
comitant with these circulation changes were variations 
in the temperature and precipitation regimes. These are 
portraved on a weekly basis in figures 6 and 7, while the 
evolution of the circulation is shown by a series of over- 
lapping 5-day mean maps in figure 5. 

FIRST WEEK 

The circulation over the country during the early part 
of the week was more typical of mid-summer, with troughs 
just off the east and west coasts and a strong ridge over 
the Mississippi Valley (fig. 5A). Unusually hot, humid 
weather, which began in middle and northern areas east 
of the Rockies in late August, continued until the 7th or 
Sth of September. Maximum temperatures exceeding 
100° F. occurred at several stations in the Dakotas. A 
reading of 94° F. at Lansing, Mich. on the 7th established 
anew record there for so late in the season and some loca- 
tions in New England experienced their hottest weather 
of the vear, 

Rapid progression of the 5-day mean wave train 
occurred during the latter part of the week, indicating 
an end to this period of abnormally high temperatures. 
The trough off the west coast sheared as the northern 
portion moved eastward to north-central portions of the 
country, and its downstream counterpart off the east 
coast advanced to the central Atlantic (fig. 5B). Move- 
ment of an extensive, cool air mass from the Pacific 
Northwest to the Atlantic Seaboard accompanied this 
circulation change, bringing frosts and subfreezing tem- 
peratures to some northern areas and the coolest weather 
SINCE inid-May to Kansas. 

Temperatures for the week (fig. 6A) were well above 
Horiual, on the average, over interior California and the 
Lakes Region under anticyclonic conditions and above 
horinal heights (fig. 5B). Cooling in the Northwest was 
promoted by northerly anomalous flow over the region. 
Prevpitation in the Midwest and Mississippi Valley 
occurred in conjunction with a vigorous cold front which 


tray rsed these areas during the week (fig. 7A). 
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he most important weather news of the week and 
month was hurricane Donna. Its entire track is given 
in figure 8, and segments corresponding to the period of 


Mov- 


ing on a general west-northwestward track (fig. 5A), this 


each 5-day mean map are reproduced in figure 5. 


severe storm swept through the northern Antilles late on 
September 4 and passed just north of Puerto Rico on the 
5th, with winds estimated at 140 m.p.h. 
westerly course on the 7th, Donna scoured the northern 


Taking a more 


coast of Cuba during the 9th and then turned northwest- 
ward (fig. 5B). 
on the 10th, with winds in gusts up to 175 m.p.h. destroy- 


It crossed the central Florida Keys early 


ing or severely damaging 75 percent of the buildings 
throughout this section. Turning sharply 
Donna moved up along the southwestern coast of Florida 


northward, 


and passed directly over Ft. \Nivers at mid-afternoon of 
the 10th, with wind gusts up to 121 m.p.h. recorded there. 
Veering northeastward, the storm sped across the main 
citrus growing areas of the State and moved out over the 
Atlantic on the morning of the Lith (fig. 5C). Aecceler- 
ating rapidly Donna continued northeastward and again 
entered land along the extreme southeastern coast of 
North Carolina early on the 12th. 
Florida and southeastern 
More will be said about 


The storm spread 
heavy precipitation across 
coastal sections (fig. 7A). 
Donna’s development and motion in sections 4 and 5. 
SECOND WEEK 

Progression of the 5-day mean wave train, which began 
over North America during the first week, continued 
into the second week with a full-latitude trough supplant- 
ing the strong ridge which had previously dominated the 
eastern United States (figs. 5C and D.) Below normal 
temperatures spread over practically the whole eastern 
half of the nation under below normal 700-mb. heights, 
with temperature anomalies of —6° F. reported in many 
A low of 37° F. at Providence, R.I., on 
the 17th was the lowest ever recorded there so early in 
Above normal temperatures were confined 


areas (fig. 6B). 


the season. 
to the western and southwestern interior areas under 
anticyelonic conditions and above-normal 700-mb. heights 
(fig. 5D). 


the cooling in the East represented a marked reversal in 


The warmth in the northwestern interior and 


temperature regimes from the first to the second week. 

Frontal activity and a relatively small storm area pro- 
duced moderate to heavy precipitation from the east- 
central Great Plains to the Lakes Region late in the week 
(fiz. 7B). 

Hurricane Donna continued to make news headlines as 
it swept northeastward from the middle-Atlantic coastal 
sections through eastern New England and the Maritime 
Provinces of Canada early in the week (fig. 5C). Above- 
normal tides, heavy rain, and wind gusts up to 130 m.p.h. 
marked the storm’s passage into southern portions of 
New England during the afternoon of the 12th. 

Tropical activity continued during the week with the 
rapid development of hurricane Ethel in the central Gulf 
of Mexico on the 14th (fig. 5D). Its position and intensity 
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for weeks in September 1960 centered on the 


mean periods shown in maps B, D, F, and G of figure 5, and end- 
ing (A) September 11, (B) September 18, (C) September 25, and 
ofttimes 


(D) October 2. (From [11].) Note the many, and 


marked, reversals in temperature regime which occurred during 
the month. 
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were cstablished on the basis of reports by the Navy 
MAMOS (Marine Automatic Meteorological Observation 
the first detection of a hurricane by this new 
This initially severe storm 


Statio 
meteorological instrument. 
advanced northward and moved inland with decreasing 
intensity near Biloxi, Miss. during the afternoon of the 
15th, with hurricane force winds observed at but a few 
scattered stations in the immediate Delta area. The 
storm continued to fill rapidly as it moved northward 
during the 16th and 17th, spreading locally heavy rains 
from Alabama to the central Ohio Valley (fig. 7B). The 
development and motion of Ethel will be discussed more 
fully in sections 4 and 5. 

The discovery of tropical storm Florence northeast of 
Puerto Rico early on the 17th (fig. 5E) and its subsequent 
westward motion along a track closely paralleling that of 
Donna were additional highlights during the latter part 
of the week. 

THIRD WEEK 


The principal circulation features underwent a second 
major change over the country during the third week, as 
a trough developed over the Rocky Mountain States and 
a strong ridge again dominated eastern areas (fig. 5E 
and F). 

Temperatures averaged unseasonably high in the lower 
Lakes Region and Mississippi Valley (fig. 6C) under anti- 
evelonic conditions and above-normal 700-mb. heights. 
Large areas east of the Mississippi were as much as 
g°-]2° F. warmer than the previous week. Cooling in 
north-central sections and the northwestern interior was 
associated with more cyclonic flow and near to below 
normal 700-mb. heights. Rapid drying accompanied the 
ridging in the East, with little or no precipitation recorded 
in most areas (fig. 7C). Heavy rain in southern New 
England occurred in conjunction with cyclonic develop- 
ment just off the coast early in the week. Moderate to 
heavy rain in the mid-continent was the result of frontal 
activity during the latter part of the week. Precipitation 
continued to be very meager in the Far West, where the 
only significant amounts fell in extreme western Washing- 
ton as a weak cyclonic center passed across southern 
Vancouver Island early in the period. 

Tropical storm Florence maintained a general westerly 
course and ceased to pose a major threat to the mainland 
when it passed inland over northern Cuba late on the 20th 
and decreased rapidly in intensity (fig. 5E). The much 
weakened center oscillated sharply southward and then 
horthward aeross western Cuba during the 22d and 23d 
fig. 5°). Remnants of the storm caused heavy rain over 
southeastern Florida and in areas of extreme southeastern 
Alabainia and northwestern Florida during the last two 
days of the week. 


FOURTH WEEK 


The veneral circulation underwent its third major oscil- 
lation over the country during the last week of the month. 
lhe trough over the Rocky Mountain States (fig. 5F) 
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advanced eastward to the Lakes Region and amplified to 
full-latitude proportions, extending from eastern Hudson 
Bay southward to the western Gulf of Mexico (fig. 5G). 
Ridging occurred over the western Plateau, and the low- 
latitude trough in the Far West receded westward to the 
northern coast of California. 

Average temperatures for the week were well above 
normal in interior areas of the Far West, with departures 
ranging up to +6° F. or more (fig. 6D) under anticyclonic 
conditions and above normal 700-mb. heights. Near to 
below normal temperatures predominated in the East 
under correspondingly below normal 700-mb. heights 
(fig. 5G). Three cold air masses advanced eastward across 
northern portions of the country during the week (see 
Chart IX of [2]). 
the Dakotas southward to northern Kansas on the last 
day of the month spread eastward to upstate New York, 
New England, and scattered sections of Pennsylvania and 
West Virginia by October 2. 

Little or no precipitation fell over the western half of the 


Frosts and freezing temperatures from 


nation (fig. 7D) under above normal 700-mb. heights and 
drying, northeasterly anomalous flow (fig. 5G). Heavy 
rain in the Southern Plains was associated with cold- 
frontal activity early in the week. General rains in the 
Southeast and along the Atlantic Seaboard occurred under 
strong southerly flow of moisture from the Gulf of Mexico, 
with 3 or 4 days of rather dismal weather highlighting the 
week’s activity in these areas. 


4. TROPICAL STORMS RELATED TO THE 
MONTHLY CIRCULATION 


Of the three tropical storms which formed in the Atlantic 
and Gulf of Mexico during this September, two developed 
to full hurricane intensity. These figures correspond to 
mean frequencies of three storms and two hurricanes 
during the past 73 Septembers, but they are slightly less 
than the mean September frequencies of the past 10 years. 

The mean 700-mb. anomaly pattern for the month (fig. 
1) did not exhibit any striking similarity to the overall 
patterns found by Ballenzweig [3] as favoring develop- 
ment in particular segments of the Atlantic hurricane 
areas, except for some correspondence to the pattern favor- 
ing development in the eastern Atlantic. ‘This is in itself 
of some interest, considering the diverse areas in which 
the month’s tropical activity originated; Donna off the 
west coast of Africa, Ethel in the central Gulf of Mexico, 
and Florence northeast of Puerto Rico (fig. 8). All three 
storms developed, however, under a circulation regime 
considered most propitious for hurricanes; i.e., during a 
time of generally high index with the westerlies somewhat 
north of normal. This is in good agreement with the 
proposal by Namias [4] that a northward shift of the 
westerlies generally is associated with frequent shearing of 
polar troughs, thus providing a mechanism for maintaining 
cold air and cyclonic vorticity in the Tropics after trans- 
portation from northerly latitudes. 

The behavior of the tropical storms (fig. 8) can be 
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FIGURE 8. 


Preliminary tracks of tropical storms during September 1960 in the Atlantic and eastern Pacific Oceans. 


Open circles and 


dates indicate 1200 Gar positions. 




















Fioure 9.—Preliminary tracks of tropical storms during September 


1960 in the western Pacific Ocean. Open circles and dates indi- 


cate 1200 GMT positions. 


iaterpreted in terms of the monthly mean circulation (fig. 
1). Donna’s track paralleled very closely the mean 
contours the southern Atlantic from western 
Africa to Florida. After recurvature, Donna 
sharply northward just east of and in the mean trough 
along the east coast. Hurricane Ethel moved north- 
northeastward along the mean trough in the central Gulf 
of Mexico. Similar motion of hurricanes in relation to the 
mean circulation has been noted by Klein [5] and discussed 
in many articles of this series. The movement of tropical 
storm Florence southward across western Cuba does not 
fit the 30-day mean pattern too well. However, weak 
remnants of the storm did eventually move northward 
east of the mean trough in the Southeast. Note also the 
strong easterly, anomalous flow components on the mean 


across 


moved 


700-mb. map (fig. 1) from southern New England south- 
ward to Florida and the eastern Gulf Coast States, imply- 
ing a high degree of vulnerability to tropical activity in 
these areas. 
EASTERN PACIFIC 

Of interest this month were two tropical storms in the 
eastern Pacific (fig. 8), both of which were of hurricane 
intensity. Estelle was actually a from the 
previous month, having formed just south of Guatemala on 
the 29th of August. The track of Estelle paralleled the 
mean flow (fig. 1) as the storm moved west-northwest ward 


carry-over 


and then recurved northward and westward and dissipated 
in the low-latitude mean trough west of Baja California on 
September 9. Fernanda developed in approximately the 
same area as Estelle, just south of Guatemala, on the 3d 
and moved with the flow, 


dissipating west of central Mexico on the 8th. 


west-northwest ward mean 


WESTERN PACIFIC 

The most striking aspect of the month’s tropical activity 
in the western Pacific was the comp!ete absence of storms 
of typhoon intensity. Four were in evidence 
during various periods of the month (fig. 9), none of 
which deve'oped beyond the tropical storm stage. Ip 
fact, two of the storms, Hester and Gloria (a carry-over 
from August) were so weak and small that their respective 
circulations apparent!y were not discernible for days at a 
This was 1n 


storms 


time (dashed portions of tracks in fig. 9). 
marked contrast to the unprecedented typhoon activity 
which dominated this area during the previous month [{I): 

A comparison of the mean circulation of August [1] 
with that of September (fig. 1) suggests that the whole 
pattern in the western Pacific shifted southward and 
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eastward about 10° of latitude during September. The 
persistert Low over Formosa in August, which served as 
a sink for the cyclonic vorticity of the many typhoons, 
might conceivably have been absorbed northward into 
the westerlies early in September. This could have con- 
tributed to the deve'opment of the mean trough along the 
coast of eastern Siberia. The subtropical ridge was 
stronger than normal in the west-central Pacific (+180 ft., 
fig. 1) and extended strongly westward south of Japan to 
eastern China. The marked southeasterly and convergent 
anomalous flow south of Japan in August (see fig. 1 of [1}) 
was replaced by a northeasterly and strongly divergent 
anomalous flow during September. 

Tropical storms Gloria and Irma developed some dis- 
tance east of the Philippines and moved west-northwest- 
ward with the mean flow. Both storms eventually dissi- 
pated in the same general area of the South China Sea 
Hester and Judy were relatively weak and short 
Both 


storms moved northwestward and were absorbed into 


(fig. 9). 


lived storms which developed southeast of Japan. 


strong cold-fronta! systems which had moved southeast- 
ward from Japan. 


5. TROPICAL STORMS RELATED TO 
THE 5-DAY MEAN CIRCULATION 


The relation of the tropical storms of the Atlantic to 
the 5-day mean circulation is deserving of special atten- 
tion, especially since the paths of the storms are often 
influenced by short-period means. 

The exact conditions which led to the inception of 
Donna off the western coast of Africa during late August 
can only be surmised due to the paucity of data in this 
particular segment of the Atlantic. It is quite likely, 
however, that the initial disturbance was in the form of 
a severe West African squall line of the type described 
by Regula [6]. 
on September 2 with the storm some 700 miles east of 
the Lesser Antilles and already of full hurricane propor- 
tions. Donna moved on a general west-northwestward 


The first advisory on Donna was issued 


track with the mean flow, arriving in the extreme eastern 
Bahamas on the 7th (fig. 5A). Note the slowing down of 
the storm’s forward progress from the 5th to the 7th 
and the turn to a more northwesterly direction as it 
approached the mean trough off the east coast. It was 
unfortunate that the general circulation underwent its 
first major oscillation of the month at this time when 
conditions appeared rather propitious for possible north- 
ward recurvature of the storm well off the coast. As it 
Was, rapid progression of the 5-day mean waves occurred, 
with the trough off the coast shearing and moving to the 
central Atlantic, and the strong High over the Mississippi 
Valley advancing eastward to the coast and effectively 
bridging the gap north of the storm (fig. 5B). Donna, 
tccordingly, turned again to a more westerly course, 
rfecurving sharply northward across Florida on the 10th 
ind up along the full length of the Atlantic Seaboard in 
advance of the full-latitude trough which settled in over 
A rather intensive report on hurricane 


the East (fig. 5C). 
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Donna, including a general summary of the storm’s 
track, major features of the storm in seriously affected 
island and continental areas, p!us some comparisons of 
various forecasting techniques in their application to 
Donna, is being prepared by Haggard and Cry of the 
U.S. Weather Bureau*. 

Dunn [10] has indicated that trailing, stationary, or 
fractured portions of old polar troughs may provide the 
initial concentration of cyclonic vorticity necessary for 
hurricane formation. This certainly appeared to be the 
case in regard to the development of hurricane Ethel 
just east of the trai'ing, southern portion of the mean 
polar trough in the central Gulf of Mexico on September 
14 (fig. 5D). The storm moved north-northeastward 
along this trough, entering the coast near Biloxi, Miss. on 
the 15th. 
diminishing 
Tennessee Valley on the 17th. 

Tropical storm Florence developed from an easterly 


The storm continued northward with rapidly 


intensity, eventually dissipating in the 


wave which moved through the Lesser Antilles during 
the 16th. 
Puerto Rico on the 17th, and the storm moved westward 
with the mean flow, entering land in northwestern Cuba 
during the 21st without ever attaining hurricane strength 
(fig. 5E). Weak remnants of the storm oscillated south- 
ward and northward across western Cuba to Florida 
from the 21st to the 24th near a mean trough in an area 
This track may have 


The circulation was first detected northeast of 


of very weak gradient (fig. 5F). 
been influenced more by prevailing surface conditions in 
the area than by mean circulation features. 
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Wind speed and air flow patterns in the Dallas 
tornado of April 2, 1957. (12 figs.) Walter H. 
Hoecker, Jr. 167-180. 

Tryecvason, Eysrreinn: 

Rapid pressure variations in 
[Weather Note] 256. 

Two unique eastern Pacific hurricanes of 1957. 


Weather Note] Rue E. Rush. 107-111. 


Iceland. (1 fig.) 


(13 figs.) 


U 


Unusually wide tornado path. [Weather Note] 


(1 fig.) 


Dansy T. Williams and Joel J. Woodside. 227-228. 
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Upper air: 

ARCAS temperature data in the mesosphere. (2 
figs.) D. E. Ogden and D. B. Swinton. 191 
192. 

High altitude wind data from meteorological rockets. 
(3 figs.) CC. L. Armstrong and R. D. Garrett. 
187-190. 

Use of extended-range prognoses for fire-weather forecast- 
ing. (7 figs.) Francis D. Beers and DeVer Colson. 
131-156. 

Use of tetroons for mesometeorological investigations. 
[Correspondence] J. K. Angell. 277. 
D.C. House. 277.) 


(Reply by 


V 
Vapor pressure: 

A formula for approximation of the saturation vapor 
pressure over water. (1 fig.) Julius F. Bosen. 
275-276. 

Verification: 

An experiment in the use of “perfect”? prognostic 
Philip Williams, Jr. 219-222. 
Von Escuen, G., F.: 


charts. 


Nighttime temperature rises in mountain canyons. 
(1 fig.) [Weather Note] 70-71. 


W 
Wark, D. Q.: 
and R. W. Popham. 
in the Gulf of St. Lawrence 
and M. Wolk. An extension of a table of absorption 
for Elsasser bands. 249-250. 
Weather Notes: 
An apparent observation of ice crystal haze by radar 
(8 figs.) Patrick E. Hughes. 349-352. 
Jet condensation trail shadows. (2 figs.) 
H. Lokke. 181. 

Nighttime temperature rises in mountain canyons. 
(1 fig.) G. F. Von Eschen. 70-71. 
Pressure rise at Yakutat, December 18, 1959. 

Mac A. Emerson. 18. 


TIROS I observations of ice 
(5 figs.) 182-186 


Donald 


(1 fig. 


Rapid pressure variations in Iceland. (1 fig 
Eysteinn Tryggvason. 256. 

Two unique eastern Pacific hurricanes of 1957. (13 
figs.) Rue E. Rush. 107-111. 


Unusually wide tornado path. (1 fig.) Dansy T. 
Williams and Joel J. Woodside. 227-228. 
Weather, U.S., 1960: 
The weather and circulation of January 1960-——An- 
other January with Atlantic blocking. (10 figs.) 
Raymond A. Green. 36-42. 
The weather and circulation of February 1960-—A 
cold stormy month over the United States asso- 


ciated with widespread blocking. (10. figs.) 
L. P. Stark. 72-78. 

The weather and circulation of March 1960-——A cold 
snowy month. (12 figs.) Carlos R. Dunn, 


112-120. 
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Weather, U.S., 1960—Continued 

The weather and circulation of April 1960 
mid-month drop in the zonal westerlies accom- 


A sharp 


panied by a temperature reversal in the con- 
tiguous United States. (7 
O’Connor. 158-166. 

The weather and circulation of May 1960—Includ- 
ing a discussion of the unusual retrogression of 


(13. figs.) 


James F., 


figs. ) 


mean polar vortices. James 
193-202. 


circulation of June 


5-day 
KF. Andrews. 
The weather and 
dry month in the Southwest. 
M. Woffinden. 234. 
The weather and circulation of July 1960 
the Pacific Northwest. 


Raymond A. Green, 257-262. 


1960—A hot 
(7 figs.) Charles 
229 
Persist- 
ent heat in (8 figs.) 
1960——A 
reversal. 


The weather and circulation of August 
dominated by a circulation 
P. Stark. 286-293. 


month 
(9 figs.) L. 
The weather and circulation of September 1960 
Including a discussion of tropical storm activity. 
(9 figs.) C.F. Tisdale. 353-361. 
Wex ier, H.: 
and S. Fritz. Cloud pictures from satellite TIROS I. 
(10 figs.) 79-87. 
and W. B. Moreland and W. 8. Weyant. <A 
liminary report on ozone observations at Little 
(14 figs.) 43-54. 


pre- 
America, Antarctica. 
Weyant, WILLIAM S.: 
Extrapolation to the 50-mb. level from 100-mb. data 
in Antarctica. (1 fig.) 251-255. 
and H. Wexler and W. B. Moreland. 
on ozone obervations at 


(14 figs.) 45-54. 


A preliminary 
Little America, 


report 
Antarctica. 
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SEPTE MBER—DECEM Pp) j: 1960 
WNn-NIELSEN, A.: 
On changes in zonal momentum in_ short range 
numerical prediction. (6 figs.) 55-65. 
Witirams, Dansy T.: 
and Joel J. Woodside. Unusually wide tornado path, 
(1 fig.) [Weather Note] 227-228. 
WicouraMs, Puiuip, Jr.: 
An experiment in t 
219-22: 


he use of “perfect” prognostie 
charts. 2 
The wind profile at the crest of a large ridge. 
Harold S. Aver. 19-23. 


Wind speed and airflow patterns in the Dallas tornado of 


(8 figs.) 


April 2 16%. (12 figs.) Walter H. Hoecker, Jr, 
167-180. 
Winds: 


Exploratory fireclimate surveys on prescribed bufnsg, 

Mark J. Schroeder Clive M. 
Countryman. 125-129. 

High altitude wind data from meteorological rockets, 

Armstrong and R. D. Garrett. 


(8 figs.) and 


(3 figs.) C. L. 
187-190. 
The wind profile at the crest of a large ridge. 
figs. Harold S. Aver. 19-23. 
Winston, Jay S.: 
Satellite pictures of a cut-off cyclone over the eastern 
Pacific. 295-315. 
WoFFINDEN, CHARLES M.: 
The weather and circulation of June 1960 


(21 figs.) 


A hot dry 
month in the Southwest. (7 figs.) 229-234. 
Work, M.: 
and D. (). Wark. 
tion for Elsasser bands. 
Woopsipk, Jorn J.: 
and Dansy T. 


(1 fig.) 


An extension of a table of absorp- 


249-250. 


Williams. Unusually wide tornado 
[Weather Note] 


99799 
mal 220 


path. 
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